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Photographed at the 42-foot focus of the too-inch Hooker telescope on July 10, 


1923. Exposure 3°30" on a Seed 30 plate. Enlargement 2.5 times original negative. 


Contributions from the Mount Wilson Observatory, No. 304 
Reprinted from the Astrophysical Journal, Vol. LXII, pp. 4090-433, 1925 


N.G.C, 6822, A REMOTE STELLAR SYSTEM 
By EDWIN HUBBLE 


ABSTRACT 


A study of N.G.C. 6822—The object is a very faint cluster of stars and nebulae, 
about 20’ X ro’, resembling the Magellanic Clouds. Detailed investigations confirm the 
similarity and show that it extends to many structural features of these systems. 
Familiar relations such as those connecting periods and luminosities of Cepheids, 
luminosities of brightest stars involved in diffuse nebulae, and frequencies of the most 
luminous stars in the systems are consistent when applied to N.G.C. 6822, the first 
object definitely assigned to a region outside the galactic system. 

Variable stars—Eleven of the fifteen variables found in the cluster are Cepheids. 
A system of photographic magnitudes has been established from comparisons with the 
two nearest Selected Areas; and periods, light-curves, and magnitudes have been 
determined for the Cepheids. The periods range from 12 to 64 days and the magnitudes 
at maximum, from 17.45 to 19.05. The period-luminosity relation is conspicuous, and 
a comparison with Shapley’s general curve in Harvard Circular, No. 280, indicates a 
distance for N.G.C. 6822 of 214,000 parsecs. m—M = 21.65. 

Nebulae——Five diffuse nebulae are involved in the cluster. The four brightest 
show emission spectra similar to those of the diffuse galactic nebulae. A radial velocity 
of +25 km/sec., uncorrected for solar motion, has been derived from one slit spectro- 
gram of the brightest nebula. The mean diameter of the diffuse nebulae, about 40 
parsecs, is comparable with those of the largest nebulae in other systems. In addition 
to the diffuse nebulae, several small objects are present which are probably non-galactic 
nebulae whose images are superposed on that of the cluster. 

Star counts—The distribution of apparent photographic magnitudes has been 
determined down to 19.4, corresponding to absolute magnitude —2.25. The brightest 
stars in the system are of absolute magnitude about —5.8. When a mean color-index 
of +1.35 is assigned to the cluster stars, their frequencies are very similar to those of 
the absolute visual magnitudes in the vicinity of the sun. 

Luminosity and space density —The surface brightness of the central core is about 
22.1 photographic magnitudes per square second of arc. This value leads to a total 
absolute magnitude of —12.0 for the core, or —12.7 for the entire system, and to a 
space density of about 6.1 absolute magnitudes per cubic parsec for the core, or 8.8 
for the entire system. 

Cepheid criterion of distance-—Since the Cepheid criterion appears to function 
normally in N.G.C. 6822, its value as a means of exploring extra-galactic space is con- 
siderably enhanced. { . 

Influence of instruments on observations of nebulae—A summary of the early obser- 
vations of N.G.C. 6822 illustrates the confusion which may arise from disregarding the 
limitations of various types of instrument and emphasizes the caution required in 
discussing observations of nebulae. 


N.G.C. 6822 is a faint irregular cluster of stars with several small 
nebulae involved. The position for 1925 is a=19" 40.7™, 6=—15°, 
galactic latitude—20°. The general appearance is shown on Plate 
I, enlarged from an exposure of three hours and a half with the 
roo-inch reflector.. The total area covered by the cluster is about 
20’ X10’, but the most conspicuous feature is a core about 8’ X3’ in 
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which the star images are densely crowded. The photographs show a 
striking resemblance to the Magellanic Clouds, and detailed investi- 
gations have abundantly confirmed this first impression. Cepheid 
variables, diffuse nebulae, dimensions, density, and distribution of 
stellar luminosities agree in defining the system as a curiously 
faithful copy of the clouds, but removed to a vastly greater distance. 
N.G.C. 6822 lies far outside the limits of the galactic system, even 
as outlined by the globular clusters, and hence may serve as a step- 
ping-stone for speculations concerning the habitants of space 
beyond. 
EARLY OBSERVATIONS 

The early observations are confused, as is usual for faint complex 
objects. In the case of N.G.C. 6822 the confusion is clearly the 
result of disregarding the limitations of the various instruments 
employed. A short history will justify this statement and emphasize 
the caution required in discussing observations of nebulae. Barnard 
discovered’ the object, apparently with his own 5-inch refractor. He 
described it as very faint and stated that some time later, when he 
determined its position with a 6-inch equatorial, it was seen with 
difficulty. The next year, however, he examined it with the 6-inch 
and a comet eyepiece. It was fairly conspicuous, large and round, 
about 10’ or 15’ in diameter, rather dense and even in its light. 
Barnard remarked: 

It certainly seems much larger and much denser than last year and I 
certainly think it has increased in density and size since that time... . . Lhe rr 
had always been as large and bright as now, I cannot conceive how it could have 
been missed by observers when examining G.C. 4510 (the bright planetary 
N.G.C. 6818, which is about 40’ north preceding). Probably this is a variable 
nebula.? 


The comet eyepiece accounts for these discrepancies. The 
5-inch, it seems, was not equipped with this accessory, nor would 
one be used in determining positions with the 6-inch. So large and 
faint a cluster is best seen with a low power and a wide field. It will 
not stand magnification. At Mount Wilson, for instance, N.G.C. 
6822 is fairly conspicuous in a short 4-inch finder with a low-power 
eyepiece, but is barely discernible at the primary focus of the 100- 

* The Sidereal Messenger, 3, 254, 1884. 2 Ibid., 5, 31, 1886. 
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inch. The latter, however, shows the small bright details which are 
invisible in the finder. This factor is apparent in the later observa- 
tions. 

Barnard’s remarks obviously refer to the cluster as a whole and 
furnish the description in the V.G.C_—‘‘vF, L, E, dif.’’ During the 
next year, 1887, the region was examined’ with the 26-inch refractor 
at the Leander McCormick Observatory. The relatively high 
magnification and restricted field conspired to render the cluster 
inconspicuous. It was missed entirely by the observer. The two 
brightest of the small involved nebulae, however, were seen and 
measured. Curiously enough, they were both attributed to Barnard 
and the discrepancy with the N.G.C. description was overlooked. 
When the First Index Catalogue was compiled, the brighter of these 
two objects was assumed to be N.G.C. 6822, although the descrip- 
tion in the N.G.C. was not amended, and the fainter object was 
listed as a new nebula, “I.C. 1308, eF, eS, LE, gbM, 6822 p 12°.” 
H. A. Howe,” with a 20-inch refractor, found only the brighter of 
these two small nebulae and remarked that N.G.C. 6822 was “very 
small” instead of “large” as described by Barnard. Bigourdan’ with 
a 12-inch could see neither of the small nebulae, nor, of course, the 
cluster. His instrument was in the blind zone, too large for the 
cluster and too small for the involved nebulae. 

The first photographs were made in 1906 and 1907 by Wolf? at 
Heidelberg with the 16-inch Bruce camera and the 28.5-inch Walz 
reflector. He identified the two small nebulae as N.G.C. 6822 and 
I.C. 1308, and announced the cluster, Barnard’s original discovery, 
as a new object which was duly listed in the Second Index Catalogue 
as “I.C. 4895, group of neb., 25’ diam.” Wolf described the cluster 
as an exceptionally dense Nebelfleckhaufen, or cluster of small 
nebulae, similar to those more open clusters to whose study he has 
contributed so largely. This remarkable interpretation existed for 
fifteen years unchallenged and apparently unnoticed. 

Finally in 1922, Perrine’ published a fair description from a plate 
made with the 30-inch reflector at Cérdoba. He properly identified 


t Publications of the Leander McCormick Observatory, 1, Part 6. 
2 Monthly Notices, 60, 137, 1900. 4 Astronomische Nachrichten, 176, 109, 1907. 
3 Observations des Nebuleuses, 5. 5’ Monthly Notices, 82, 489, 1922. 
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the entire system as Barnard’s nebula, N.G.C. 6822, and described 
it as a cluster of stars and nebulosity resembling the Magellanic 
Clouds. 

Meanwhile, the object had been photographed at Mount Wilson 
with the 1o-inch camera, and the anomalous character of its image* 
had led to its being placed on the program for further study with the 
large reflectors. In July, 1921, Duncan’ obtained two plates with the 
too-inch reflector, on which the resemblance to the Magellanic 
Clouds was very striking. Detailed investigation was undertaken in 
July, 1923. The object was followed carefully through the two 
seasons of 1923 and 1924, and some plates are available for the 
seasons of 1921 and 1925. More than fifty direct exposures and 
several spectrograms have been made with the large reflectors. 


CEPHEID VARIABLES 


A survey of the plates with a blink-comparator has led to the 
discovery of fifteen variable stars within the area covered by the 
system. These are marked on Plate IT, and are identified by Arabic 
numerals. No variables have been found on the plates outside the 
limits of the cluster, hence those within the limits must be considered 
as actual members of the system. Eleven of the variables are clearly 
Cepheids, and a few of the remaining four may ultimately prove 
to be of the same type. Periods, normal curves, and photographic 
magnitudes have been determined for the Cepheids, the periods 
ranging from 12 to 64 days and the magnitudes, at maximum, from 
17.45 to 19.05. The familiar period-luminosity relation is con- 
spicuously present and the curve is parallel to Shapley’s general 
curve expressing the corresponding relation among previously 
known Cepheids. The displacement in magnitudes between these 
two curves leads to a value of m—M =21.65, corresponding to a 
distance of 214,000 parsecs. 

The system of magnitudes is based on nine Seed 30 plates taken 
with the too-inch reflector. The zero-point and scale were deter- 
mined from four 30-minute comparisons with the neighboring 
Selected Area 136 and two 20-minute comparisons with Selected 


* Mt. Wilson Contr., No. 256; Astrophysical Journal, 57, 137, 1923. The plates are 
mentioned earlier in the Mt. Wilson Annual Report for 1921. 
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PLATE II 


Negative print of Plate I. Variable stars are designated by 
nebulae involved in or superposed on the cluster by Roman numerals. 


Arabic figures; 
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Area 135. The plates were centered on three regions of the cluster 
—the center and points 3’ north and south, respectively—in order 
to reduce the effect of the distance correction. These comparisons 
gave magnitudes comparable with those of the Selected Areas down 
to the limits of the Mount Wilson measures" of the latter, about 
18.0, and by a legitimate extrapolation, to a fraction of a magnitude 
fainter. The system was extended by means of three longer ex- 
posures, two of one hour each, and one of three hours and a half. 

The internal agreement of the measures is very satisfactory 
down to about 19.1. Average deviations of individual plates from 
the mean are less than o.1 mag. and the maximum range for an 
individual star on all the plates is 0.4 mag. Extrapolations beyond 
18.0 depend upon the reliability of the faintest magnitude and a 
half of the scales in the two Selected Areas. If these are free from 
systematic errors, as is hoped, the extrapolation can be trusted for 
at least a magnitude. Distance corrections have never been thor- 
oughly investigated for the field of the 1oo-inch, but the present 
measures were confined to the immediate vicinity of the optical axis, 
and approximate values of the corrections were derived from the 
measures themselves. 

There is, however, a troublesome source of systematic error 
which has not been eliminated. Under ordinary observing condi- 
tions, long exposures at low altitudes with the 1oo-inch give images 
of appreciable dimensions. This is due to atmospheric refraction 
and changing seeing, focus, and figure. The result is that the faintest 
images are irregular and vary in density rather than in size. Above 
a certain limiting magnitude the effect is inappreciable, but as 
measures are carried down to fainter stars, the photometry of 
approximately point sources merges into photometry of surfaces. 
When the measuring is done with an ordinary scale-plate, the result- 
ing magnitudes for the fainter stars become increasingly too bright. 
In the present measures, this effect becomes noticeable beyond 
about 19.1. Magnitudes fainter than this are increasingly unreliable, 
while those brighter are probably correct within o.2. 

A series of comparison stars was established for each variable in 


t These measures on the international scale are unpublished but were available 
through the kindness of Mr. Seares. 
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the manner described above, with successive steps averaging about 
0.2 mag. These furnished easy and accurate means of following the 
variables. The data for the latter from the separate plates are 
collected in Table I. The first column gives the Julian Day repre- 


ie) 5 10 15 20 


Pg. Magnitude 


Pq |Magnitudes 


10) 10 20 30 40 


Fic. 1.—Light curves for two Cepheids in N.G.C, 6822. Upper curve, variable 
No. 6. Period 21.06 days; range 18.5-19.25. Lower curve, variable No. 2. Period 
37.45 days; range 17.9-18.9. The three crosses on the rising slope of the upper curve 
Eee observations on successive days and illustrate the rapid brightening of the 
variables. 


senting Pacific mean time; the second, the quality of the plates, 
the letters “E,” “G,” “F,” “P” and “vP” having their usual 
significance of “excellent,” “good,” “fair,” “poor,” and “very poor”; 
the remaining columns give the photographic magnitudes of the 
variables, which are designated by the numbers used on Plate II. 
The exposures were usually from 60 to 75 minutes on Seed 30 plates. 
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The elements of the light-curves derived from these data for 
the eleven Cepheids are given in Table II. The small amplitudes 
found for the fainter stars are probably due, in part at least, to the 
systematic error previously mentioned. In order to emphasize their 
Cepheid characteristics two of the light-curves are illustrated in 
Figure 1. The other curves can easily be constructed from the data 
in Tables I and II. 

The period-luminosity relation is shown in Figure 2, in which the 
logarithms of the periods in days are plotted against the photo- 
graphic magnitudes at maxima. This departure from the customary 


TABLE II 
NorMAL CurRVES FOR CEPHEIDS 


Var. No. Epoch J.D gs log P Max Min 
MW atavee eld s 2423904.0 64.0 1.806 17.45 18.15 
Ded os areas 4050.0 37-45 1.574 vr fe 8, 18.9 
T fats /eareisiels 3678.0 30.55 1.485 18.1 19.0 
Bie asiefaisisis 3994.0 29.2 I.47 18.35 19.1 
Ossie 3647.0 21.06 1.325 18.5 19.25 
Satake areas 3072.0 20.72 I.315 18.6 19.0 
Al eras se atavets 3992.0 17.31 I. 238 18.5 19.1 
Qirsravsvers’s. 2.6 3971.0 16. 86 ies 18.75 Ig. 25 
Ome eee ell ciarerecuieeco 16.54 1.22% 18.8 Ig.2 
eoc SAD One 3099.0 13.87 I. 142 18.8 19.2 
Die ors dic ar 4003.0 sib ney Ay 1.071 19.05 19.35 


* Observations uncertain but Cepheid characteristics are pronounced. Rejection 
would not affect the period-luminosity curve appreciably. 

Magnitudes fainter than 19.0 are probably systematically too bright, the effect 
increasing with the numerical value of the magnitudes. 


usage of median magnitudes is required by the uncertainties in the 
fainter magnitudes, including most of those at minima. The full- 
line curve is the linear relation 


m(max.)=21.401—2.193 logP, 


derived by a least-squares solution. The residuals are of the order 
of accuracy of the measures, averaging +o.06 mag., with a maximum 
value of 0.20. This dispersion is surprisingly small and, in a measure, 
justifies the use of maximum rather than of median magnitudes. 
Furthermore, it excludes the possibility that the apparent magni- 
tudes of the Cepheids might be sensibly affected by local absorption 
in the system. 

The determination of the distance of N.G.C. 6822 is based on 
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Shapley’s latest revision’ of the photographic period-luminosity 
curve. The form of this curve depends on more than a hundred 
Cepheids in the small Magellanic Cloud and should be definitive 
except in the region of very long periods. The zero-point? was 
derived from galactic Cepheids of intermediate periods. 


474 178 18.2 6 19.0 
Fic.’ 2.—Period-luminosity relation among Cepheids in N.G.C. 6822. The con- 
tinuous line represents the correlation curve, m(max) = 21.40—2.19 log P. The broken 


curve indicates the corresponding portion of Shapley’s general period-luminosity curve 
reduced to the scale of photographic magnitudes. 


In Figure 2, Shapley’s curve is represented by the dotted-line 
curve adjusted to fit the data for N.G.C. 6822 by shifting it along 
the magnitude axis. The uncorrected modulus is 


m (max.)—M (median) = 21,260.02. 
The maximum residual is 0.20 mag., and the mean -ko.11 mag. 


t Harvard Circular, No. 280. 


Lane Recent results by Strémberg for the solar motion referred to the galactic Cepheids 
indicate the possibility of a substantial correction to the zero-point (Mt. Wilson Contr. 
No. 293; Astrophysical Journal, 61, 363, 1925). But until the question can be discussed 
in a definitive manner it seems best to use Shapley’s value, with a full realization, how- 
ever, of the possible necessity of a subsequent revision of all distances derived from the 
Cepheid criterion. 


Io 


THE STELLAR SYSTEM N.G.C. 6822 II 


Since Shapley’s curve is based on median magnitudes, the value 
of the modulus must be increased by half the mean range of the 
CepheidsinN.G.C.6822. This quantity is somewhat uncertain, owing 
to the systematic error affecting the fainter magnitudes at minimum. 
The mean for all the Cepheids as listed in Table II is 0.67 mag., 
while for those brighter than 19.1 at minimum, the mean is 0.73 mag. 
Even this latter value appears to be low, judged by the apparent 
systematic decrease in range with decreasing luminosity and the 
ranges of Cepheids in other systems. A value around 0.8 mag. 
would probably be nearer the truth. That actually used was 0.78 
mag. The resulting values of the modulus and the distance are 


m—M=21.65 
a =0/00000468 
Distance = 214,000 parsecs 
= 700,000 light-years 


On the assumption of the universal validity of the period- 
luminosity relation, the principal source of uncertainty in this result 
arises from that affecting the zero-point of Shapley’s general rela- 
tion. In addition there is the uncertainty in the extrapolated 
magnitude scales for the Cepheids in N.G.C. 6822. This is difficult 
to estimate, but probably does not exceed 0.2 mag. The error arising 
from accidental sources is insignificant, probably less than 0.05 
mag. in the modulus, or 2.5 per cent in the distance. 

As for the general validity of the period-luminosity relation, this 
formula has hitherto led invariably to estimates of distances which 
are consistent with other characteristics of the systems to which 
it has been applied. In the case of N.G.C. 6822 such a relation 
certainly exists, and, within the limits of observational error, its 
form, as shown by Figure 1, is the same as that observed elsewhere. 
The only questionable feature is the zero-point, and even here 

t A frequency curve for ranges of galactic Cepheids, based on data derived from 
Shapley (Mt. Wilson Conir., No. 153; Astrophysical Journal, 48, 279, 1918; and from 
the table compiled by the Committee on Variable Stars of the Astronomische Gesell- 
schaft, Vierteljahrsschrift der A. G., 59, 298, 1924), Shows a well-marked maximum at 
o.8 mag. The data, however, are not homogeneous and, for the most part, are visual. 


Moreover, the relation between period and range has never been satisfactorily investi- 
gated. 
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corroborative evidence is not lacking. This is presented in detail 
later, but reference may be made at this point to Shapley’s estimate 
of the distance of N.G.C. 6822. 

He boldly assumed an analogy with the Magellanic Clouds, and, 
comparing angular dimensions, size, and luminosity of the diffuse 
nebulae, and estimated magnitudes of the brightest stars involved, 
arrived at a distance “‘on the order of a million light-years.”’ This 
figure is comparable with that derived from the Cepheids and repre- 
sents a brilliant application of the general principle of the uniformity 
of nature. 


VARIABLES OTHER THAN CEPHEIDS 


For completeness, the observational data for the four other 
variables found in the system have been included in Table I. Con- 
cerning three of them, nothing is known beyond the fact that they 
vary through small ranges and apparently in an irregular manner. 
The remaining variable (No. 12) ranges from about 18.1 to 18.9 or 
more. In July, 1922, it was moderately faint; in 1923, July to 
October, it was faint and slowly rising; in 1924, July to November, 
it was bright and may have passed through a maximum about the 
beginning of August; in 1925, June to July, it was again faint. The 
period, if such exists, must be longer than five months. 


NEBULAE INVOLVED IN N.G.C. 6822 


The only individual objects, other than the variables, which can 
be definitely identified as members of the system are five diffuse 
nebulae and the stars with which they are associated. Several other 
minute nebulous images lie within the limits of the cluster, which 
may be small, unresolved globular clusters belonging to the system, 
or, more probably, non-galactic nebulae whose images are super- 
posed on N.G.C. 6822. The diffuse nebulae and the more con- 
spicuous of the supposedly non-galactic nebulae are listed in Table 
II, under the Roman numerals by which they are designated on 
Plate II. The second and third columns give the co-ordinates in 
millimeters measured from the upper right (north preceding) corner 
of Plate IT, and the remaining columns the class, diffuse or non- 
galactic; the general character of the spectrum when known, E 
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denoting emission and C, continuous; and short descriptions with 
angular dimensions as measured on the three-and-a-half-hour 
exposure with the 1oo-inch reflector. The linear dimensions are 
given by the relation 1’’=1.04 parsecs or 3.4 light-years. Num- 
ber V is the object which Wolf and others identified as N.G.C. 6822, 
and Number X, that catalogued as I.C. 1308. 


TABLE III 


NEBULAE INVOLVED IN OR SUPERPOSED ON N.G.C. 6822 


Co-oRDINATES* 
NEBULA nna} ee MEASS, | SPECTRUM DESCRIPTION 
Horizontal] Vertical 


mm mm 

rear aicichate 8.0 2.5 Dif. E 32'’X 48" several stars involved 

as ees Ons 27.5 Dike © lec eee 20’ diam. Incomplete ring 
around star 

Nees arsters core I4.0 6.0 Dif. E 52’ diam. Ring around several 
stars 

Vetere aes: Boas 95.5 ING loo 5’ diam. Round, star 2” n.p. 
center 

Vie ies tat etar erste 55.0 I5.0 Dif. E 20’ 32" cometic. Stars in- 
volved 

VL ieirssctaroveis.¢ 56.0 70.0 N.-G. Cc 8” diam. Round 

VLU ate oet cs 60.5 67.5 N.-G. G 8” diam. Round 

NAN cannes 67.0 toes INE Gas lentes ins 6” diam. Round 

i BG omen 81.0 73.0 INGE sce as > 5’ diam. Round 

>. 8 Say OT 83.0 16.0 Dif. E 22’ diam. Ring around star, 
fainter extensions to 30” s.p. 
star 


* Co-ordinates are measured from the upper right (north preceding) corner of Plate XV. 


DIFFUSE NEBULAE 


The spectral characteristics of several of the nebulae were ob- 
tained from slitless spectrograms made at the primary focus of the 
60-inch reflector with two prisms and an f 1.9 lens of 3-inch focus. 
Number V, the brightest of all the nebulae, registered eight definite 
images with others suspected. The wave-lengths and relative inten- 
sities are N, (10), N. (3), HB (5), \ 4471 (x), Hy (4), Hé (2), He (2), 
3727 (1). Number X, the next brightest, registered five images 
which, with relative intensities, are NV, (10), NV. (3), HB (5), Hy (3), 
H5 (x). Numbers I and ITI registered one faint image each, probably 
the combination of V,, N. and H6. The relative intensities of the 
characteristic lines V,, VN, and H@ in Numbers V and X are those of 


13 


14 EDWIN HUBBLE 


the diffuse nebulae in the galactic system and in the Magellanic 
Clouds. 

The mean diameter of the five diffuse nebulae is about 37”, or 
41 parsecs, which is comparable with the dimensions of the great 
loop of nebulosity in the constellation of Orion. The largest nebula, 
Number III, is a ring about 60 parsecs in diameter. This equals the 
diameter of N.G.C. 604 in Messier 33 and is of the order of size of 
the largest known diffuse nebula—N.G.C. 2070 in the large Magel- 
lanic Cloud—for which Shapley’ gives a diameter of 80 parsecs. 

A single slit spectrogram of Number V has been obtained under 
difficult observing conditions, using one prism and a 3-inch camera at 
the Cassegrain focus of the 1oo-inch. An exposure on August 16, 
1923, registered faint images of V, and V,. Independent measures by 
Dr. Sanford and the writer gave velocities, uncorrected for solar 
motion, of +16 and +34 km/sec., respectively. The mean, +25 
km/sec., not only gives the order of velocity of nebula Number V 
but also, judged from the small peculiar motions of diffuse nebulae in 
general, represents the order of the motion of N.G.C. 6822 asa whole. 

The emission character of the diffuse nebulae indicates that the 
spectral types of the brightest stars involved are very probably 
Bo or earlier.” Such stars are highly luminous, and it is not surprising 
to find them among the brightest contained in the cluster. Their 
faint apparent magnitudes combined with the considerable galactic 
latitude are strong evidence of their association with the extra- 
galactic system. Their presence alone would indicate an enormous 
distance for N.G.C. 6822. 

The photographic magnitudes of the brightest stars involved in 
the individual nebulae are listed below. The measures required a 
very uncertain distance correction, and the resulting values may 
be more accurately described as estimates. 


Number Apparent Absolute 
Jn GO: Onna: ON 

AW Bg brcrye nr ee ewan ae ry Os 
LD Rete Oren eee ne i Wis 
IV SIO 8 aver worse s asters AWS 
Wat LO Geeta at cnesete —4.85 


* Harvard Bulletin, No. 816. 
2 Mt. Wilson Contr., No. 241; Astrophysical Journal, 56, 162, 1922. 
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The absolute magnitudes as computed from the modulus m—M = 
21.65, derived from the Cepheids, are comparable with those of the 
brightest Bo- and O-type stars in the galactic system. The large 
range among the latter, and the effects of selection on those in 
N.G.C. 6822, prevent the use of the data as an accurate criterion, 
but the comparison confirms the general order of the distance de- 
rived from the Cepheids, with evidence of an independent nature. 
This very materially supports the assumption that the period- 
luminosity relation functions normally in extra-galactic space. 


NON-GALACTIC NEBULAE 


The objects in Table III which are classed as “‘N.G.” (non- 
galactic) are small, round, blurry images whose diameters are func- 
tions of the exposure times. The two brightest (Nos. VI and VII) 
have registered faint continuous streaks on the slitless spectrograms, 
with no evidence of emission. A dozen or more small non-galactic 
nebulae are scattered over the reflector field outside the limits of 
N.G.C. 6822, and it is reasonable to expect that some may be found 
within the limits, especially as this is the region of best definition. 
Since, however, normal globular clusters are found in the Magellanic 
Clouds, there is a possibility that some of the objects in Table III 
may be the central regions of such clusters actually involved in 
INGO. 6522: 

Shapley’s™ value for the average absolute photographic magni- 
tude of globular clusters is about —8.2+0.6, At the distance of 
N.G.C. 6822, m—M =21.65, the apparent photographic magnitude 
for such a cluster as a whole would be about 13.5 or possibly 14.0 
for the denser central portion. The brightest of the objects in 
N.G.C. 6822, however, is certainly fainter than 16.0, and the mean 
of the five listed in Table III is considerably more than a magnitude 
fainter than this. The discrepancy between them and normal 
globular clusters is almost conclusive, 

Shapley reports seven globular clusters in the large Magellanic 
Cloud,? with apparent photographic magnitudes ranging from 7.2 
to 12.0, the mean being 9.2. At the distance of N.G.C. 6822, these 

t Mt. Wilson Contr., No. 152; Astrophysical Journal, 48, 154, 1918. 

2 Harvard Circular, No. 271. 
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values would be increased about four magnitudes. Hence only the 
faintest, whose real nature is doubtful,t would be comparable with 
even the brightest of the objects in N.G.C. 6822. 

The angular diameters of the clusters in the large cloud range 
from 1/1 to 2/6 with a mean value of 1'8. At the distance of N.G.C. 
6822, these quantities would be 11” to 25’ with a mean of 17”. A 
glance at Table III shows the diameters of the objects in N.G.C. 
6822 ranging from 5’’ to 8” with a mean of about 674. Here again 
the discrepancy is almost impossibly large. 

If a normal globular cluster were associated with N.G.C. 6822, 
the mean apparent photographic magnitude? of the twenty-five 
brightest stars would be about 20.2. In view of the dense crowding, 
the unresolved background, and the low observing altitude, it is 
improbable that such a cluster could be resolved by the 100-inch 
reflector. The discrepancies in size and brightness between normal 
globular clusters and the objects photographed with N.G.C. 6822, 
however, are sufficient to differentiate them, and the latter must be 
considered as ordinary small non-galactic nebulae whose images are 
superposed on that of N.G.C. 6822. 


DISTRIBUTION OF STELLAR LUMINOSITIES IN N.G.C. 6822 


A preliminary attempt has been made tq determine the distribu- 
tion of the brighter absolute photographic magnitudes in N.G.C. 
6822 by counting the stars within successive limits of apparent 
photographic magnitude over the central region, including the core. 
The area investigated is about 8’ in declination and 4’ in right 
ascension; more accurately it contains 33.75 square minutes of arc, 
and, to the limit of the counts, is estimated to cover about one-half 
of the stars in the entire system. This limit was set at 19.4 and 
approximate corrections for the systematic error affecting the fainter 
stars have been derived from minimum magnitudes of the Cepheids, 
the slope of the period-luminosity curve, and extrapolations of the 
luminosity function itself. These corrections have little weight, but 
they are confined to a single interval in which stars were counted 
and cannot seriously affect the final results. 

t Harvard Circular, No. 271. 

2 Mt. Wilson Contr., No. 152; Astrophysical Journal, 48, 154, 1918. 
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The counts were made on the blink-comparator carrying a scale- 
plate on one side and a plate of N.G.C. 6822, covered by a reseau, 
on the other. The scale was calibrated from the series of comparison 
stars established for the variables, and the field stars were eliminated 
by means of the new distribution tables for different photographic 
magnitudes and galactic latitudes recently published by Seares and 


van Rhijn.? 
TABLE IV 


LuMINOSITY FUNCTION FOR THE BRIGHTER STARS IN N.G.C. 6822 


| ANE haa KapTeyn* 
Pc. Mac. pte 

Gal. Lat | yim) | log gm) | o(3f) | log a(t) | M vis.) 
TOvA—10; Lestemas 304 T23h 380.5 | 2.580] 379 2.579 | —3-75 
TOnta— TO Ona) vie 230 Ir.6 218.4 2.339 219 2.340 4.05 
18.8—18.5...... 134 9.8 124.2 2.094 124 2.093 4.35 
DO 2 vl one, seve 78 8.3 69.7 1.843 69.2 1.840 4.65 
18.2—17.0.000% 27 7.0 20.0 I. 301 38.2 1.582 4.95 
De Om= 07. Ovichere os 25 5.9 19.1 1.281 ZOnT: Li Shy B25 
1G (Aaah Re eI 16 4.9 if See 1.045 II.I I.045 Bae 
L7G — U7 5 Oy eos ars II 4.1 6.9} 0.84 SiO) eOe 77, 5.85 
T7010. Tivivrs «!- 9 BES ay) .76 Bar -49 6.15 
TOV7—20: Ay we. 0v< 9 2.7 6.3 .80 1,0: |) 0720 6.45 
16.4—16.1...... 5 Bipe 2.8 -45 0.8 | 9.89 6.75 
TO Meets Osa ate 5 1.8 See OuNy 4] 9.59 7.05 
TRO Th Beta « ° Teds l= ated, |c caress O12 9.29 —7, 35 
DH RSLS. Sue hes. I fig Ue A ica ato hn deel bee cea eRe NS Poca atc sorat 
Dbl 0A: Ouisrelers:« ° omy) | nee rionn oral ehysc.s Ss eck se Cab nab ain 
TACQ—TALO.e. «<< I Mad wares A Ce a caver eee goer wis fig ars eee cies] Sateen arete 
T4'O— TAS « sreters's ° O20 gar Ocha geet ozs eiesecai| Beaters: eemincnil arbi erat terests ol aol 


* The last three columns give the numbers of stars (visual magnitudes) in a volume of 5.22 Xro® cubic 
parsecs, in which the distribution is in accordance with Kapteyn’s luminosity function for stars in the 
vicinity of the sun. A comparison with the distribution of stars in N.G.C. 6822 indicates a mean color- 
index for the latter stars of +1.35 mag. 


Results of the counts are given in Table IV. The first three 
columns represent the number of stars counted in the corresponding 
intervals of apparent magnitude and the normal number for an equal 
area in the galactic latitude of the cluster. The fourth and fifth 
columns give the numbers of stars, #(m), with their logarithms, 
which can be attributed to the cluster. For the brightest stars the 
results are of low weight because of the small area involved. The 
remaining columns will be explained later. 

The upper limit for the stars in N.G.C. 6822 is about 15.8, 


t Proceedings of the National Academy of Sciences, 11, 358, 1925. 
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corresponding to the absolute photographic magnitude —5.85. 
This appears to be quite normal for the great isolated systems. The 
brightest star known in the local cluster is —5.5 (8 Orionis).t The 
limit for the small Magellanic Cloud? has been placed between —4 
and —7; for the large cloud, it is brighter than —8; for the globular 
clusters,‘ fainter than —4. 

The smoothness of the luminosity function for N.G.C. 6822 
invites a comparison with the corresponding function in the neigh- 
borhood of the sun. The latter has been derived by Kapteyn’ from 
data based on visual magnitudes. Little is known concerning the 
distribution of color among the very luminous stars but, as a first 
approximation, the mean color-index may be assumed to be constant 
over the short range of magnitudes involved in the present counts. 
Successive numerical values of the color-index were tried, the two 
functions being shifted into approximate coincidence by adjusting 
the volume coefficient® for Kapteyn’s function. 

By this method of trial and error, the best fit was obtained with 
a mean color-index of +1.35 mag., and a volume coefficient of 
5.22 X 10° cubic parsecs. The small range of the counts restricts the 
sensitiveness of the method, but on the assumption that the func- 
tions are comparable, the probable error of the color-index, assumed 
to be constant, is of the order of 0.3 mag..The numbers of stars, 
¢(J), and their logarithms, as calculated from Kapteyn’s function 
with the foregoing assumptions, are listed in the sixth and seventh 
columns of Table [V. The eighth column gives the median absolute 
visual magnitudes of the stars in the two preceding columns. These 
magnitudes, corrected by +1.35, represent the photographic 
magnitudes of the stars counted in N.G.C. 6822, using the modulus 
m—M =21.65. 

Figure 3 represents the two functions in a graphical form. The 


* Mt. Wilson Contr., No. 147; Astrophysical Journal, 47, 280, 1918. 
2 Harvard Circular, No. 260. 3 Ibid., No. 271. 

4 Proceedings National Academy of Sciences, 6, 293, 1920. 

5 Mt. Wilson Contr., No. 229; Astrophysical Journal, 55, 242, 1922. 


6 The volume coeflicient represents the space throughout which stars must be dis- 
tributed according to Kapteyn’s function in order that the number of stars in a given 
interval of absolute magnitude may equal the number actually counted in the cluster 
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full broken line represents the counts in N.G.C. 6822; and the dotted 
curve, Kapteyn’s luminosity function. The agreement, especially 
in the upper and more reliable portions, is remarkably close; but 
the comparison involves several assumptions and can scarcely be 


-9.0 —80. -70 Go -5.0 ~4.0 


a — 
Absolute visual Magnitudes 
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Fic. 3——Comparison of the luminosity function for N.G.C. 6822 (circles) with 
Kapteyn’s luminosity function (crosses) for stars in the vicinity of the sun. The best 
fit has been obtained by using a mean color-index of +1.35 mag. for the cluster stars 
and a volume coeflicient of 5.22108 cubic parsecs for Kapteyn’s function. 
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considered as definitive. There is, however, a general similarity 
between the two functions, and the value of the color-index, judged 
by the incomplete data available for other systems, seems to be 
quite reasonable. 

The color-index, indeed, appears to confirm the order of the 
absolute magnitudes assigned to the cluster stars and, consequently, 
the zero-point of Shapley’s general period-luminosity curve for the 
Cepheids. If the distance assigned the cluster were too great, the 
color-index as derived from the counts would be too small, and vice 
versa. An error of 50 per cent in the distance corresponds to an error 
of about 0.9 mag. in the color-index. There seems to be no reason 
for supposing that the color-index actually determined from the 
present data is in error by this amount. | 


TOTAL MAGNITUDE OF N.G.C. 6822 


An approximation to the total photographic magnitude of 
N.G.C. 6822 has been obtained from short exposures with the 10- 
inch astrographic camera. The scale of these plates (1 mm =3’) is 
so small that the cluster is unresolved and presents an amorphous 
surface. The brightest portion is the central core, which just 
registers in an exposure of 30 minutes on a Seed 30 plate. The 
corresponding surface brightness can be calculated from the value 
of 18.8+0.3 photographic magnitudes per square second of arc, 
which Seares' has derived for the limiting surface brightness 
registering in an exposure of 1 minute on a Seed 30 plate at the 
Newtonian focus of a reflector with a focal ratio of r to 5. For an 
exposure of 30 minutes the limiting surface brightness will be? 


S.B.=18.8+ 2.0 log 30=21.8 


This can be reduced to the system for a camera of focal ratio 1: 4.5 
by applying a correction’ of +0.3, so that the final value is 


S.B.=22.1 per sq. sec. arc. 


* Mt. Wilson Contr., No. 191; Astrophysical Journal, 52, 162, 1920. 

? The coefficient of log exposure time is 2.5 p, where p, the exponent in Schwarz- 
schild’s expression for the reciprocity law, is given the usual value of 0.8. 

3 This correction has been applied habitually in deriving surface brightness from 
limiting exposures with the 10-inch. For an example see Mt. Wilson Contr., No. 250; 
Astrophysical Journal, 56, 400, 1922. 
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The area covered by the central core is about 8’ <3’, hence the total 
apparent magnitude is 


M=22.1—2.5 log (8X 3X 3600) =9.7. 


It is estimated that the core contributes about one-half the total 
luminosity of the nebula, hence the total apparent magnitude of 
the entire system is about 9.0, The corresponding absolute photo- 
graphic magnitude is —12.7. The absolute visual magnitude is 
probably of the order of — 13.7. 

These quantities furnish an indication as to the space density. 
As a first approximation, the core can be considered as an ellipsoid 
whose maximum and minimum diameters are those of the projected 
image and whose third diameter, in the line of sight, is the mean of 
the other two. Since the linear scale is 1’’= 1.04 parsecs, the diame- 
ters of the hypothetical ellipsoid are about 500 X 190 X 340 parsecs, 
The volume is 1,7 X107 cubic parsecs. The absolute photographic 
magnitude is 9.7—21.65=—11.95, hence the density is 2.5 log 
(1.7 X10’) —11.95 =6.1 absolute photographic magnitudes per cubic 
parsec. By a similar computation the mean density of the entire 
system is found to be about 8.8. This is comparable with the density 
in the neighborhood of the sun,’ when reasonable assumptions as to 
color-indices are introduced. The density of the core alone, however, 
appears to be from twenty to thirty times that near the sun. 

A comparison of the total magnitude of the core, derived from 
the surface brightness, with that derived from the integration of the 
luminosity function, extrapolated beyond the limits of the star 
counts previously discussed, furnishes an independent check on the 
assumption that the latter is comparable with Kapteyn’s function 
for the stars in the vicinity of the sun. The direct comparison of the 
two luminosity functions was restricted to some three magnitudes 
at the extreme bright ends of the curves. The excellent agreement 
over this small region suggests that the two functions are compar- 
able throughout their entire range. In this case, the total luminosity 
of the portion of the cluster represented by the counts can be com- 
puted by integrating Kapteyn’s function over a space equal to the 

t The space density near the sun is about 8.16 absolute visual magnitudes per cubic 
parsecs. Seares, Mt. Wilson Conir., No. 191, Astrophysical Journal, 52, 162, 1920. 


21 3 


22 EDWIN HUBBLE 


volume coefficient, 5.22 10° cubic parsecs, derived in the restrict- 
ed comparison. The total luminosity per cubic parsec, from Kap- 
teyn’s function, is 8.16 in absolute visual magnitudes." The total 
magnitude of the cluster is, therefore, 


2.5 log (5.22 10°) —8.15 = —13.64. 


The core of N.G.C. 6822 covers an area about 25 per cent less 
than that over which the counts were made, but, as it is much denser 
than the rest of the cluster, the correction for reducing the volume 
coefficient to correspond to the core alone can be taken as half this 
amount. The total magnitude for the core alone is then about 
—13.5. 

This visual luminosity is to be compared with the photographic 
absolute magnitude, — 12.0, derived from the surface brightness and 
the angular area. The difference of 1.5 mag. represents the combined 
effect of the mean color-index of the core, errors in the various 
quantities involved, and any real difference there may be between 
the two luminosity functions themselves. A large part of the dis- 
crepancy can safely be attributed to color-index alone. The com- 
parison of the luminosity functions indicated a mean color-index of 
+1.35 for the brighter stars. This value would probably require 
some reduction for the fainter stars, but the integrated effect of the 
factor cannot be accurately stated. The probable error in the surface 
brightness alone is of the order of +o.4 mag., and errors from other 
sources, although smaller, would add materially to the total. 

The discrepancy in the two results, when the color-index is 
considered, appears to be within the probable errors of the deter- 
minations. Nothing remains which can be attributed with certainty 
to differences in the luminosity functions. As far as one can deter- 
mine, the stars in N.G.C. 6822 appear to be the same sort of objects, 
distributed in much the same fashion, as those in the vicinity of the 
sun. 


COMPARISONS OF N.G.C, 6822 WITH THE MAGELLANIC CLOUDS 
Comparisons between N.G.C. 6822 and the Magellanic Clouds 
are of special interest and significance because the distances of all 
three objects are based primarily on the Cepheid criterion. The 
* Seares, Mt, Wilson Contr., No. 191; Astrophysical Journal, 52, 162, 1920. 
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appearance of the photographic images is remarkably alike. Shapley* 
has previously noted that ‘‘the dominating feature in both [the 
clouds] is an elongated patch of densely crowded stars similar to 
N.G.C, 6822.” In the present paper, this feature is termed the core. 
Other points of similarity, which have already been discussed, are 


TABLE V 


CoMPARISON OF N.G.C. 6822 WITH THE MAGELLANIC CLOUDS 


MAGELLANIC CLouDs 


N.G.C. 6822 
Large Small 
Angular dimensions: 

Blo bel pee een ns oars, iste: wrest 7°2X7°2* 3°6X3°6T 20’ X10! 

OTE reenter Fn ieeierss pen sa Giese BLO r se 1°8Xo0°9 BOS 
Apparent luminosity: 

AIST Heer Pe testortte SIA ls aor ol io aee 1.2 2.of 9.0 

COveee Pere oat oh eae ees I.9 2.7 9-7 
Surface brightness: 

(ClORS: 6 Qo Bie aoe ee oR aee 21.0 21.0 22.1 
VRS(Pinite sy 3 AS oes nee eee 34,500* 31, 600 214,000 
Linear dimensions: 

TINS 52 oko a Ae en OG 4300§ 2000 I250X625 

OL Ge crAct ert ns wih tip is BE a 2150X715 1100 X 500 500X190 
Volume 

STN Lea eR te Set cc te acy. cleasersse woe 4.2X 10” 4.2X109 3.8X108 

(OTe trae oeeohaeiras elec 9.2X108 23X10" I.7X107 
Absolute luminosity: 

ALG CAN Pree ty eM aise tye Sia aii oe o5rs —16.5§ —15.5 —12.7 

Ore ee neta sired w eed nies —15.8 —14.8 —12.0 
Mean density: 

MO calur sere ta tet ay cadens aia osx's 6 10.0 8.5 8.8 

ROTTER reiterates eye Seve eee Sais si6 © 6.6 6.1 6.1 

* H.C.O. Circular, No. 268. t H.C.O. Circular, No. 255. t H.C.0O. Circular, No. 260. 


§ H.C.0. Bulletin, No. 816. 

Luminosities are expressed in photographic magnitudes; surface brightness, in magnitudes per square 
second of arc; distances, linear dimensions, and volumes, in parsecs and cubic parsecs; densities, in absolute 
magnitudes per cubic parsec. 
the presence of Cepheid variables and of diffuse nebulae, and the 
magnitudes and the luminosity function of the brightest stars. 

A more detailed comparison of dimensions, densities, and total 
luminosities is given in Table V, both for the cores and for the entire 
systems. Many of the data depend upon mere estimates which can- 
not claim any high accuracy, but even the orders of magnitude of 
the quantities are useful as a first approximation. Distances, 


dimensions, and luminosities for the two clouds, when given, have 


t Harvard Bulletin, No. 795. 
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been taken from Shapley’s papers.’ The angular dimensions of the 
core of the larger cloud have been measured on the Franklin-Adams 
chart; the cores of both the clouds have been assumed to contribute 
one-half the total luminosity of the systems; the true figures of the 
two clouds are assumed to be globular, since their images are 
approximately circular; the figures of N.G.C. 6822 and of the cores 
of all three objects are assumed to be ellipsoids whose maximum and 
minimum diameters are those of the projected images and whose 
third diameters are the means of the other two. This last assump- 
tion is quite arbitrary, but can serve as a basis for comparison. 


CONCLUSION 


The present investigation identifies N.G.C. 6822 as an isolated 
system of stars and nebulae of the same type as the Magellanic 
Clouds, although somewhat smaller and much more distant. A 
consistent structure is thus reared on the foundation of the Cepheid 
criterion, in which the dimensions, luminosities, and densities, both 
of the system as a whole and of its separate members, are of orders 
of magnitude which are thoroughly familiar. The distance is the 
only quantity of a new order. 

The principle of the uniformity of nature thus seems to rule 
undisturbed in this remote region of space. This principle is the 
fundamental assumption in all extrapolations beyond the limits of 
known and observable data, and speculations which follow its guide 
are legitimate until they become self-contradictory. It is therefore 
a matter of considerable importance that familiar relations are 
found to be consistent when applied to the first system definitely 
assigned to the regions outside the galactic system. 

Of especial importance is the conclusion that the Cepheid 
criterion functions normally at this great distance. Cepheid vari- 
ables have recently been found in the two largest of the spiral 
nebulae, and the period-luminosity relation places them at distances 
even more remote than N.G.C. 6822. This criterion seems to offer 
the means of exploring extra-galactic space; N.G.C. 6822 furnishes 
a critical test of its value for so ambitious an undertaking and the 
results are definitely in its favor. 


* Harvard Bulletin, No. 816; Harvard Circulars, Nos. 255, 260, 268. 
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ADDENDUM 


A pair of Cramer Iso plates, exposed through a visual color filter 
at the primary focus of the 1oo-inch, have recently been obtained 
of N.G.C. 6822. The exposures were one and three hours, respective- 
ly. It has not yet been possible to calibrate accurately the plates, 
but preliminary comparisons have been made with short, unfiltered 
exposures obtained at the same time. 

Cepheids 1, 2, 3, 4, and 5 were identified and gave indications of 
moderately large color-indices. The non-Cepheid variables appear 
to have larger color-indices; 12, 13, and 14 being estimated as red. 
The diffuse nebulae are clearly blue, and the stars associated with 
them have color-indices as small as, or smaller than, any others seen 
on the plates. The colors of the non-galactic nebulae were estimated 
to fall between those of the Cepheid and the non-Cepheid variables. 

The general order of these results probably will not be materially 
changed when accurate measures are possible. They are thoroughly 
consistent with the conclusions reached in the previous discussion 
and furnish additional support to the view that the stars in N.G.C. 
6822 are comparable with those in other systems, 
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REDUCTION OF THIRTY-NINE ASTROGRAPHIC 
ZONES TO THE INTERNATIONAL 
PHOTOGRAPHIC SCALE 


By FREDERICK H. SEARES anp MARY C. JOYNER 


ABSTRACT 


_ Calibration of magnitude scales of thirty-nine astrographic zones Photographic 
magnitudes on the international scale corresponding to the values of log Nm (Nm=num- 
ber of stars per square degree brighter than m) given for thirty-three zones in Table XV, 
Mt. Wilson Contr. No. 301, were interpolated from Table XVII of that paper. Together 
with the equivalent scale-readings or provisional magnitudes used to express the bright- 
ness of the stars, the interpolated magnitudes provide a calibration for from three to 
five points on the scales of the individual zones. The calibration was extended to other 
scale-readings for which counts are available by comparing mean densities for entire 
zones to successive limits of scale-reading with the adopted mean distribution of stars 
for all latitudes together. Final results are in Table IV, which also includes data for 
six Oxford zones for which counts have recently been published. Although the calibra- 
tions refer to zones as a whole, the residuals in limiting magnitude for different galactic 
latitudes given in Table I indicate that in many cases the calibrations are directly 
applicable to small parts of a zone. These residuals are not, however, a final test of 
consistency in the scales, because both errors of reduction and irregularities in stellar 
distribution contribute to their progressive character. 


The determination of stellar distribution given in Contribution 
No. 3017 was based in part on counts of thirty-three zones of the 
Astrographic Catalogue, collected and published mostly by Turner.? 
These data were referred to the international photographic scale by 
comparing values of log V,, (WV, =number of stars per square degree 
brighter than m) derived from the counts in each zone with van 
Rhijn’s distribution table* which had already been reduced to the 
international scale by comparison with the Mount Wilson Catalogue. 
Mean densities (log Nm) for galactic latitudes 0°, 10°, 20° . . . . corre- 
sponding to several limiting values of the scale-reading* in each zone, 


t Astrophysical Journal, 62, 320, 1925. 
2 Ibid., Table XIII gives references to the published data. 
3 Groningen Publication, No. 27, Table IV, 1917. 


4 The term “scale-reading” is used to indicate the brightness of stars as expressed 
in the zones, irrespective of whether the quantities given are actual scale-readings, esti- 
mates of brightness, or provisional magnitudes. 
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and the means of the equivalent magnitudes interpolated from van 
Rhijn’s table, may be found in Table XV of Contribution No. 301. 

The mean magnitudes and the corresponding scale-readings, 
which were not given in Table XV, provide a calibration of the 
scales of the astrographic zones in terms of the international photo- 
graphic scale, although not the best possible because of the influence 
of residual errors in van Rhijn’s table. As remarked in Contribution 
No. 301, the precision can be increased by a reinterpolation of the 
magnitudes from the adopted distribution table. The details of this 
revision are shown in Table I of this article, arranged according to 
the declination of the zones. These results are later subjected to a 
process which minimizes the influence of certain accidental errors, 
and, finally, extended to scale-readings for which corresponding 
magnitudes have not yet been calculated. The adopted calibration 
is in Table IV, which gives the mean photographic magnitude on the 
international scale for practically all scale-readings for which counts 
are available. The omissions relate to bright stars in a few zones 
which are not numerous enough to give reliable values of the magni- 
tudes. 

The results of the reinterpolation are in the second and third 
lines from the end of each division of Table I. Thus for the Vatican 
zones,’ +62°, scale-readings 40, 30, . ... © correspond, respec- 
tively, to revised magnitudes 8.87, 10.08, . . . . 12.98. The pro- 
visional magnitudes from Table XV, Contribution No. 301, which 
head the columns of Table I, identify the mean densities used for 
the reinterpolation. For example, the densities corresponding to 
scale-reading 40 in the Vatican zones stand opposite provisional 
magnitude 8.81 in the fourth line of Table XV, Contribution No. 301. 
With the aid of Table XVII of that paper these densities give the 
revised magnitudes 9.26, 9.14, ... . 8.62, which deviate from 
their mean of 8.87 by the amounts shown in Table I opposite the 
latitudes to which they refer. Occasionally the same provisional 
magnitude is associated with more than one series of densities; the 
declination of the zone, which also appears in Table XV, then re- 
moves the ambiguity. 

* The published counts are the means for the three zones in declinations +64°, 
+62°, and +60°. 
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TABLE I 
PROVISIONAL MAGNITUDES AND DEVIATIONS 
VATICAN +62° OxrorD +31° 
Lat. rit | Mavoeer) slur m dhe hom b= at ace all (ie Ce sy gal ene ed eee, oe aed (be 
(ey AOR OO Tae —39 —13 —4 ° +1 +20 +18 +18 +35 +34 
Weeseraideleae nee —27 —I1 -—I1 ° — I +15 +13 +10 +22 +22 
Do ae SIAC ice —I0 —5 —II —I4 —I0 + 8 + 6 + 4 +14 +13 
Renee ass sis ales +12 + 6 — 3 —10 — 3 +7 + 8 +5 +15 +14 
Mecae secre ss) aie +17 + 4 —2 —1I +4 ° +4 + 8 9 +10 
BUoiatierdia tovcisievacas aie +21 + 7 + 6 +10 + 6 — 6 —2 +4 ° +7 
Ditariait.8 ooiate soe « +25 +10 +12 +12 + 3 —7 —Io0 —4 —1I5 —13 
ENA SOO RI GOGO) IDA Oey PROS) PICEA! (SEROR DAG Cie —I0 —I5 —1I3 —28 —25 
eee eM EN rh Uc eecniand uit eaves: Sel evenie va Oecaivn locacee e —9 —I4 —I9 —26 —30 
Oo tece al MeoraeReratetev ar af ei| of Stel igh cis liga ale", 6 x fe fal awe msifiv wins a sigh se ae atS —T4 —13 —~I5 —26 —31 
TROVE I ce araccialets. 0. 8.87 | 10.08 | 11.15 | 12.35 | 12.98 9.59 | 10.72 | 11.89 | 12.89 | 13.48 
CHC Steiner erase 40 30 20 10 ° 35 26 18 12 All 
MAI owe vcaces —0.39 |—0.23 |—o.22 |—0.22 |—o.22 |+o0.01 |+0.12 |+0.09 |+0.10 |+0.10 
OxrorD +30° OxForRD +209° 
Lat, 
eee eres | 60) | = 200)) 7-20 [Saale aaa tat. to 
gee Fee eh || cee ree | Mos ee MY ee eet PR em) | apa 
mas es + 2 RN [i eh | mis el POS Faun, 75 | 70 
Se Pe eet Shall geil) atk: Oo nae} ten etre 
-7 + 2 —2 + 3 —II —10 — 8 + 2 + 5 
calle ie eet Rosa a fail ie ee re te A) Se 
— 5 ° —9 —4 —- 8 —I0 —18 —II —1I0 
—2 —I0 —13 —-9 —I0 —1I2 —13 —20 —18 
-1I - 8 —I4 —I1r —I0 —I2 —12 —26 —16 
° -—7 —14 —I2 —o9 —1I4 —9 —30 —20 
10.85 | 12.09 | 12.92 | 13.70 9.36 | 10.28 | 13.50 | 12.52 | 13.55 
i 3 26 18 12 1 35 26 18 12 
Oe UL NSTI —0.03 |+0.03 |+0.13 |+0.07 |+0.10 |—o.0r | 0.00 |+0.07 |+0.18 |+0.19 
OxrorD +28° OxForD +27° 
Lat. 10.05 12.43 NAUGGy al envecok deaers vie ow frome aoe 1d wistoae ell Mace Siete 
Outer neice eek +17 +12 +o +8 +23 +25 +24 +26 
BO gan soles ceces +16 ° —2 + 6 +11 +19 +15 +12 
BG Pediat bk ssa —2 ae ages =i Se qa +3 aaa 
BOmee oie ee on: + 5 +19 +23 At 3 rong “= 9 ay rok ° 
BOWERY Sewer: rc) +10 +12 +6 Se) i 5 ie 
BR Otnteicuatetera stip iatettrs —2 — 3 ° aie Se) —2 + 5 +13 
OGern Sess baw s.< —- 6 -—14 —I5 —2 +2 — 8 —-I ° 
MOU erbreh a vishio —I5 —28 —30 — 6 -7 —I19 —I5 —I4 
BOM rie cilnositine ee elem esccsfeasiceeess —II —18 —22 —20 —21 
RTEMTCIN eroR ic 1e ee te aye) may rare wis) Ne wna oceree [lev e:siese wisye-e —I0 —23 —2I —23 —25 
REV Mo orcie-s siete: 10.04 I2.44 13.62 9.20 Io.12 T3235 12.25 13.28 
GIR Ua yicceeitae. 30 I2 All 35 26 18 12 All 
PEN area a wiory = io +0.15 0.24 || +-0.22 +0.07 “0.07 0.52 | “-o.27 ) [0.25 
Oxrorp +26° OxForD +25° 
Lar. Sree ee eee ee ee ee ee Ce Ce ee ey 
te 0, |) tia |Netay, 29] tsa)" st2e*} | 20.) opto) | oet24 
etal) ert Oe tesla OT eraO- | EON ETA te a tea 
—= G Oo} + 5 — Si) 9) 207] — 2 —Io| —5 
Sta Sa peettON|) Sota erg Fe 68 ees 
+12 +18 +18 +10 =, ie +10 eae +9 +12 
aie) Sete) ease | Spey diel BS es [ewe oe a esl) ike 
ie Steet Wace tN etl ark On|, ROL ona teg a aceas 
—4 —1I3 —18 — 6 —16 —I9 —9 — 8 —1I4 
at —21 —21 —I4 —18 —23 —I5 yl —1I5 
—20 —24 —28 —18 —I7 —22 —II —1I2 —13 
REVS ccc ces 9.31 | 10.33 | 11.58 | 12.54 | 13.48 9.58 | 10.63 | Ir.90 | 12.73 | 13.53 
hot Uh ae 35 26 I I2 35 26 18 12 All 
Peet (, SPER ICO +0.07 |+0.08 |+0.18 |+0.18 |+0.16 |+o.15 |+0.13 |+0.18 |+0.08 |+0.17 
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TABLE I—Continued 


Paris +23° Paris +22° 


9.20 | 10.45 | 11.74 | 12.82 | 13.25 0:26,:|- 10.38, (Ez. 7X |! 22.70) F384) 


32: | +40] 32.) —T4) | Pasi 20s) 1-200) secietanl ay 

+25 +20 +14 —25 +20 +15 +21 + 8 —12 

+10 fo) -7 —20 +10 +10 + 8 + 5 — 8 

=f90) | =O) Ea] Sah | ete ile tact ge | een 

iS =O) ie FOS as = Bo) FAG eaten Sel) Sate Ou a eee 

—II —I0 + 3 +21 — 6 —2 + 2 +5 + 4 

On eZ Of ag /| So =0|) "0 | re ao 

—16 —7 — 3 +19 —I4 —16 —I5 —1I3 + 8 

—17 —-7 — 6 +15 —I5 —I4 —21 —13 +10 

—16 —7 —4 +12 —I5 —II —20 —14 +12 

REV Mts clerics O.27 10142. | IT.75 | 12.82 | 13.27 9.23 | 10.37 | 2E.73 | 12.80 13.34 
SGRetdskac eater 8.0 9.0 10.0 II.o All 8.0 9.0 10.0 II.0 Al 
HAWN a\skaiaicls)sisto-2 +o.13 |+0.17 |+0.19 |-+0.16 | 0.00 |+0.21 |+0.21 |+0.27 |-+0.23 |+0.04 

BorpEaux +17° BorpEAux +16° 
Lat mea ee te era er ee 

10.76 12.35 13.18 8.66 10.06 11.46 12.24 12.75 
Croaeesauak ens +32 +21 +14 +20 +13 +5 + 4 —2 
TOV assets neon i7 1-9 5 +16 “+-9 +10 Be) ° 
AG rca wassieen EE — 5 ° +9 Supivd +9 “5g +6 
BOTT ee cheer —5 +2 +4 +8 +8 ai Sates +6 
OPE ee penis’ — 8 ° “TE — 6 rae + 2 atu, 1-6 
EOrsnucensiuive are — 7 ae! Gee —I0 —6 — 3 +2 “3 
GOR suisse sd te —$ — 6 — 6 —12 — 8 — — 5 —3 
WOvncpesvwsces ers —I0 — 8 —13 —14 —12 =I0 —rI0 —6 
EE Sooo IOC Soe Sa at) —Ix 21 —15 —I2 —12 oh} =6 

cp | | cee Te ern a | ee | ene 
OV: 982. sic wus vie 10.74 12.34 13.16 8.62 10.05 II.50 12.27 12.78 

BCs, ceatecmtsce 8.5 10.0 I2.0 7.5 8.5 9.5 10.5 T2.8 
MMB Sic asic beaa’s +0.29 +o0.28 +o0.28 +0.08 +0.05 +0.13 +o.10 |+0.14 
Borpravux +15° BorDEAux +14° 
Lat. 

9.66 EX.23 2,05 12.66 9-99 II .43 12.43 12.92 


SOR soe ha eete 8.5 9.5 10.5 12.5 8.5 9.5 I0.5 12.5 
MNS Ss Sains oh +0.03 +0.09 +o.10 +o.12 +0.08 +o0.02 +o.0§5 |+0.03 
TouLousE +0° ALGIERS —1° 
Lar. Se eee 
8.92 10.28 11.38 12.55 9.21 II.39 12.94 
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TABLE I—Continued 


SAN FERNANDO —3° San FERNANDO —4° 
Lat. 
10.16 II .62 12.74 13.27 10.00 II .43 12.50 13.04 
aa a) “27 +15 +6 +22 +21 + 8 ° 
ia +10 ata cae +11 +17 Tie Sine 
aay eas ae sat! ae sie! +16 +11 
= 6 rt 2 aed “5 re <2) +15 + 8 
=9 — 6 iE +6 —IE —§ oy “1-03 
tes — ae =i ina = ig) Steal 
° —II — 8 —3 — 2 — > —18 —I5 
— "2 — 35 S246 5 — § —18 —30 els 
RET Hee sia o's 10.15 Ir .62 12.73 13.25 9.98 II.45 12.60 | 13.04 
SRohicae eho catas 8.5 9.5 10.5 All 8.5 9.5 10.5 All 
WE ascalenescue +0 .16 +0.25 +o.24 +0.24 +0o.25 +o.22 +o.29 |+0.37 
SAN FERNANDO —5° SAN FERNANDO —6° 
Lar. 
10.02 II.41 I2.5t 13.06 10.04 11.33 12.28 12.87 


RGIS Apiejcceies 36 8.5 9.5 10.5 All 8.5 9.5 10.5 


6 FREDERICK H. SEARES AND MARY C. JOYNER 


TABLE I—Continued 
ee ee 8 eee 


HypERABAD —1I9° CorDOBA —25° 
Lat. 

9.39 | 10.19 | 11.35 | 12.19 | 13.30 8.74 9.95 | 12-33 | 12.88 | 13.36 
aid eps BOCPIAIOET +36 | +23] +38] +23 | -+r2] +14] —x4| —33] +14] baz 
TO eects +24] +16] +27] +19|/ +7] +6] —12}| —18 Oe}) Sorreae 
ROR Eee er 035) est Al) t-XSe) LON wt ke = 6)| ~—=r0 | =16)|| =a) | ers 
BOmanere nasties: = (ellen Ei 67}, =r0 |!) erOo "85 Fa a ae 
AGP istateceate aa-sias —8 —2 —4 +1 + 6 —- 8 -I1 +6 —2 -—1. 
BOM nat teene tee = 9 | gf SRE be Set |e 
eh ACN er Eee —12 -—7 —18 —16 —9 —12 =-5O) |i oO Sas! = 
Pass eae orks —I4 —I5 —23 —23 -17 + 2 +9 +9 —4 —10 
te BAIR Oe —19 —19 —26 —26 —24 + 2 +09 +7 —-4 —I4 
(oe a ESP coal ier opm iacis a Goines miaceon +4 +10 +13 —5 -8 
TSEU pS Sea c/eie's 5655 9.34 | 10.19 | 11.34 | 12.19 | 13.28 8.72 9.98 | 11.39 | 12.89 | 13.32 
Scudsvarwccsacs 50 40 30 20 8 41 31 21 Ir 7 
MOI eG Cais ts +o.17 |+0.17 |+0.16 |+0.22 |+0.22 |+0.05 |—0.02 0.00 |+0.05 |+0.08 

CoRDOBA —27° CoRDOBA —20° 
Lat. 

8.62 IO .04 11.38 12.79 13.03 9.25 10.70 12.48 | 12.96 
rcianneee eek ° —12 —12 —- 9 —10 —21 —20 —6 -8 
TOisaiecswlotaeess —-9 —19 —I5 —13 —18 —18 —21 +1 —7 
Wi tea ret ehe a —17 —13 — 2 + 3 + 3 —10 — 8 —2 —4 
BOsihia eveos tees ° +10 +23 +11 +16 -9 —7 -3 +1 
SEG aetna ueee > +3 +10 +16 +11 +18 —- 09 — 6 —5 ° 
tre a\teivie Fiver ee + 6 +11 +12 +16 +14 + 3 —2 -3 +4 
OCU sen cubes chins +09 +12 + 1 + 5 5 +12 +7 +4 +7 
WOT Medora oee ko + 6 “+ 5 ney it ay +18 +16 +5 +3 
Io wala Mavala Corie a + 2 +1 -—7 —I10 —I2 +109 +22 +1 +3 
Closkatercess ese +r —2 —-9 —I4 —12 +19 +24 +5 +2 
RACIME: ences, 8.62 10.07 Il.44 12.83 13.06 9.27 10.74 I2.50 | 12.99 
BOM ce ena vdicinen 41 31 21 II I 31 2m I 
MON bcs gta cepws —o.01 |—o0.02 |+0.03 |+0.06 |+0.08 —o.10 |—o.Ir |—o.0r |—o.o1r 

CorDOBA —31° PERTH —32° 
Lat a ET aes aa ae 
9.15 10.58 I2.51 £3,,2% 10.35 11.88 13.11 
Ne ac cate Sates —35 —32 —23 — 8 — 8 —24 —24 
IG cacawa exes —22 —5 —7 —14 —9 —14 —1I5 
BOn insin sine baie travers A. 8 aon =x8 = /8 —=TE —5 
Orphans tee Gavan +26 +17 +12 +2 + 6 +7 +7 
BO neh bve eeeaane +22 +16 +21 +17 +17 +17 +15 
Riiatenctde acces +15 +15 +15 +22 +15 +22 +22 
GOR ee ate +8 +5 ans +12 +5 +14 +13 
IGG rans nse deere se —1I —2 — 6 —1 —6 + 2 ° 
SOet ee ee eae — 8 15 = ao =—Z5 me {) —Io0 
OO2 Areata ae —12 —II —12 =O. Nsiercianacescherwiel erm na eaarerel| eceterteReO ete 
ROY. Wx aenackices 9.18 10.61 12.57 13.22 10.36 11.96 13.14 
Nye AES eee 31 21 Ir I 
rs eect: are ae —0o0.06 —o.18 —o.1I —0.02 —0.05 —o.II —o.10 
PERTH —34° PERTH —36° 
Lat. ee 


8.84 | 10.12 | 12.38 || £2.5I | 13.10 9.38 | 10.62 | 12.76 | 12.76 |] 13.53 


—26 —32 — 6 —4 ° +15 —1 
53) 0g) | tz te a een | er aera 
Bee le de | peste | Geel) Gees 
+ 3 —3 +16 +22 +17 +18 +21 
= 2 | — 2 “Fl arte OP | eats On| eee a eee 
+1 +5 +2 +1 — 2 — 8 —t1.I 
a A = 4) |) inl ar Ss eek ronan 
r 5 7. 6 Se —I5 —I19 —26 —24 
II 14 -I —I19 —25 —30 —2 
+14 S420. || <:atarasios'|aaiwere geal steve ope ieee aaa teeter uss 


—0.05 |—0.07 |+0.0r |-+0.06 |+0.09 |+0.10 |+0.12 
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TABLE I—Continued 


PERTH-EDINBURGH —38° CaPE —41° 


NOTES TO TABLE I 

Oxford: Published limits for scale-readings of zones +31° to +29° and +27° to +25° increased one 
unit. Monthly Notices, 85, 473. 

Toulouse: For ob —65 a scale of quarter-magnitudes was used, the record being to the nearest tenth; 
for 7h—23}, a scale of tenths, extending to 13.3. Jbid., 76, 149. Scale-readings below 12.3 have not been 
used. For the same scale-reading values of log Nmin the first quadrant are systematically lower than else- 
where by about 0.15. The corresponding values of m are about 0.35 mag. less than the tabulated limits, 
which refer to the interval 75— 23}. 

Algiers: Published limits reduced 0.1. Ibid., '72, 701. 

Cordoba: The diameters of 58 stars at —25° have not been measured, being too faint or too large. 
Ibid., '78, 58. The inference from the text is that these stars are not included in the totals. If so, the value 
of m for Sc.R. 51 (See Table IV) is appreciably affected—the other magnitude limits to a much less extent. 
For zones —27°, —20°, —31°, the published limits for scale-readings have been increased by one unit 
(ibid., 81, 528) and “‘All” is assumed to correspond to Sc.R. 1, as for —25°. 

ig a Scale-readings for zones —42° and —43° assigned in accordance with the identification in ibid., 
793 597. 

Melbourne: Published limits for scale-reading increased by one unit. Ibid., 775 30. 
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Values of log W,, for latitude o° were not used in deriving pro- 
visional magnitudes because of the relatively large uncertainty 
affecting van Rhijn’s distribution table in low latitudes. This 
objection does not hold in the case of the revised distribution table 
—at least not for the interval of brightness covered by the astro- 
graphic zones—and all available densities have accordingly been 
used. In general, the results of the reinterpolation are in close agree- 
ment with the provisional values found from van Rhijn’s table. The 
largest difference is 0.09 mag.; the average, without regard to sign, 
0.027; and the systematic difference, o.or mag. 

Counts for six of the seven Oxford zones were published’ after 
the reductions for Contribution No. 301 had been finished. Mean 
densities for these zones are collected in Table II, which also gives 
densities corresponding to four additional scale-readings of the Mel- 
bourne zone, —65°, necessary to complete the calibration. Pro- 
visional magnitudes were not derived, and the values in Table II 
are based on the revised distribution table. 

The scale-readings in Table I, and indeed throughout the present 
discussion, are inclusive limiting values; the corresponding densities 
depend on counts which include all stars having a brightness equal 
to and greater than that represented by the scale-reading in question. 
This accounts for certain modifications of published values of the 
limits of the original counts referred to in the notes to Table I. The 
magnitudes therefore correspond to the faintest stars to which the 
respective scale-readings are assigned. Since the interval of bright- 
ness covered by the smallest step in scale-reading is sometimes half 
a magnitude or more, this point must be borne in mind in using the 
adopted calibration in Table IV. 

The residuals in Table I are generally systematic, usually most 
noticeably so in the case of the brighter stars. This indicates a 
systematic departure, depending on latitude, of the mean zone- 
densities from the mean distribution for the whole sky. An extreme 
case is presented by Hyderabad, —18°; other zones, such as Bor- 
deaux, +15°, are singularly free from such deviations, and systematic 
differences must be confined to relatively small areas within the zones. 


* Complete references to the data used in the present discussion are given in Table 
XIII, Contribution No. 301. 
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The reliability and usefulness of the magnitudes is obviously 
greatest for those cases in which the residuals are small; but, even 
where there is a marked progression in the residuals, the mean magni- 
tude is still a useful result, in spite of the fact that the uncertainty 
attached to the brightness of individual stars is correspondingly 
increased. Moreover, the systematic uncertainty may be less than 


TABLE II 
SUPPLEMENTARY VALUES OF LOG Nm 


m Zone °° 10° 20° 30° 40° 50° 60° 70° 80° go” 
9.59 +31° 0.62 0.55 0.44 0.34 0.28 0.25 0.21 0.18 0.15 0.15 
10.72 +31 172 I.04 0.92 0.81 0.73 0.69 0.67 0.64 0.60 0.58 
11.89 +31 1.62 1.54 1.41 1.29 1.18 I.12 1.08 1.00 1.04 1.01 
12.89 +31 I.97 1.90 NE yf 1.64 1.55 I.50 I.47 1.45 1.40 1.38 
13.48 +31 2.22 2.14 2.00 1.86 Itz 1.68 1.66 1.63 1.60 1.58 
9.76 +30 0.66 0.61 0.50 0.41 0.35 0.31 0.28 0.27 0.25 0.25 
10.85 +30 1.16 ¥.Uz 1.02 0.92 0.83 0.76 0.70 0.64 0.60 0.58 
12.09 +30 1.69 1.64 1.53 I.40 1.28 1.20 x .%4 I.12 1.07 1.05 
12.92 +30 1.98 1.03 1.83 1.72 1.60 7.52 1.46 I.41 1.37 3.35 
13.70 +30 2.37 2.28 2.14 1.98 1.86 1.77 I.70 1.65 1.61 1.59 
9.36 +29 0.48 0.44 0.36 0.28 0.23 0.15 0.12 0.09 0.06 0.04 
10.28 +29 0.86 0.81 0.74 0.66 0.61 0.54 0.50 0.46 °.43 0.42 
II.50 +29 1.39 I.32 1.23 t.i3 I.09 I.04 0.99 0.92 0.88 0.85 
12.52 +209 1.79 I.72 1.62 1.53 1.44 1.38 1.33 1.30 1.28 1.27 
13.55 +29 3.247 2.20 2.04 I.90 1.80 T.73 1.67 1.63 1.58 1.57 
9.20 +27 0.50 0.42 0.31 0.19 0.09 0.05 0.03 0.01 ©.00 9.98 
I0.12 +27 0.84 0.70 0.70 0.58 0.48 0.42 0.390 0.38 0.39 0.390 
II.35 +27 1.36 1.28 Ty 1.06 ©.07 0.94 0.90 0.89 0.86 0.84 
T2258 +27 1.75 1.67 1.56 I.44 x34 r.25 1.20 I.19 Dex7 T.26 
13.28 +27 es 2.10 1.98 1.84 1.69 1.59 1.55 1.53 List 1.50 
9.31 +26 0.57 0.48 0.35 0.24 0.16 0.08 0.05 0.03 0.03 0.03 
10.33 +26 ©.09 0.92 0.81 0.66 0.54 0.48 0.40 0.45 0.46 0.46 
11.58 +26 £:S2 1.43 ¥.20 1 ar | I.02 0.98 ©.07 0.95 0.04 0.93 
I2.54 +26 1.90 1.83 1.67 1.52 z.39 1.32 ee I.30 1.27 1.27 
13.48 +26 2.24 2.19 2.08 1.92 1.76 1.68 1.64 E.S7 1.55 1.54 
9.58 +25 0.56 0.52 0.44 0.35 0.27 0.24 0.22 0.20 0.18 0.16 
10.63 +25 1.06 0.99 0.87 0.76 0.67 0.64 0.63 0.62 0.60 0.58 
II.90 +25 1.58 2.83 1.44 1.34 1.20 1.12 1.08 1.05 1.03 I.00 
12.73 +25 1.97 1.91 1.80 1.65 1.40 1.39 ae <.33 xoar 1.28 
13.53 +25 2.28 2.22 2.09 I.92 1.77 1.69 1.65 1.61 57 1.54 
ce) Aan —65 0.48 | 0.40 | 0.26] 0.12] 0.00] 9.90] 9.85 
9-47.. —65 0.73 0.64 0.49 0.35 0.20 0.09 0.03 
9.90.. —65 0.85 o.81 0.64 o.51 0.40 0.31 0.25 
X220%. —65 I.90 Dey 1.61 1.46 meas X25 I.I9 


would be inferred from the run in the residuals. It is assumed that 
within any zone a given scale-reading corresponds always to the same 
magnitude; but there are many departures from this ideal state of 
affairs. Differences in plates, development, and atmospheric condi- 
tions; seasonal fluctuations and subjective errors of measurement— 
all enter as disturbing factors, some of them accidentally, others 
systematically. Results from individual plates may be seriously 
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affected; but the formation of means for groups of several plates per 
hour of right ascension (one hour is the unit interval for grouping the 
counts) eliminates, or at least minimizes, many of the deviations. 
Seasonal effects and subjective factors of measurement may remain, 
however, as persistent systematic disturbances affecting the con- 
stancy of the magnitude associated with a given scale-reading; and 
it is natural to attribute to these sources much of the progression 
shown by the residuals of Table I. 

But it must be noted that at least two other circumstances may 
contribute to the progression in the residuals: large-scale irregulari- 
ties in the distribution of the stars and errors in drawing the curves 
which define log V,, as a function of galactic latitude. The co-ordi- 
nates of the centers of the unit areas used for grouping the counts 
are functions of galactic longitude as well as of latitude. The aver- 
age effect of galactic concentration has been removed by comparing 
the observed densities with the mean distribution table; but any 
systematic deviation in longitude remains in the residuals and may 
produce an important progressive effect. Further, any tilt of the 
curve of mean density (as a function of latitude) from its true posi- 
tion operates in the same way. Neither of these, however, affects 
the adopted relation between scale-reading and magnitude except as 
it appears in the mean magnitude for the whole zone, where both 
disturbances are at least partially compensated. 

In certain cases the determination of the curve of mean density 
against latitude presented exceptional difficulty.7 Thus in the Oxford 
zones, +25° to +31°, the interval 3 to 6" of right ascension includes 
the extensive obscured area in Taurus;? the observed densities in 
this region for each magnitude of every zone are abnormally low, 
and the systematic effect can be traced through the Paris zones, 
+23° and +22°, down into those of Bordeaux, +17° to +14°. 
Again, the Algiers and San Fernando zones, —1° to —6°, show ap- 
proximately constant densities between 12" and 18" of right ascen- 
sion, although the range in galactic latitude is 50° or more. The 


t For an illustration of typical curves, see Fig. 1, Contribution No. 135, Astrophysical 
Journal, 46, 117, 1917. The curve for the Algiers zone and several others used for 
Contribution No. 135 were redrawn in deriving the mean distribution table in Contribu- 
tion No. 301. 


2 Dyson and Melotte, Monthly Notices, 80, 3, 1919. 
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contrast with the other quadrants of right ascension, which extend 
over similar intervals in latitude, is striking, and there seems little 
doubt that the abnormal distribution here is also real. As far as 
possible, regions of known obscuration were ignored in drawing the 
mean curves, on the assumption that the removal of the obscuring 
clouds would reveal a normal distribution of stars. Several instances 
of this kind are mentioned in the notes following Table XIII of 
Contribution No. 301. It will be the purpose of a later contribution 
to attempt a separation of these and other real deviations from 
systematic irregularities which are observational in origin. 

The results in Table I include only part of the scale-readings for 
which counts are available. The calibration could have been com- 
pleted by the method already used; but a shorter way, which has 
also the advantage of providing a means of reducing the acci- 
dental errors affecting the values already found, is to compare mean 
densities for entire zones to successive limits of scale-reading with 
the fifth column of Table XVIII in Contribution No. 301, which 
gives the adopted mean distribution for all latitudes together. Mag- 
nitudes found in this way require, however, a small correction be- 
cause, to a given limit of brightness, the mean density of the stars 
within a narrow zone in declination is not the same as the mean for 
the whole sky. The correction, which varies with the declination 
of the zone, is easily calculated by deriving magnitudes as just sug- 
gested for the scale-readings already used and comparing the results 
with the revised values given in Table I. The quantities m—m’ in 
the last line of this table are the differences in question for these 
scale-readings. 

The procedure is illustrated by the details for the Vatican zones 
shown in Table III. The total number of stars in the zone to each 
limiting value of the scale-reading, given in the line opposite J, is 
taken from the bottom of Table I, Monthly Notices, 75, 602. The 
number of plates is ten per hour,” each having a field of 4X 169/144 
square degrees. To reduce the totals to stars per square degree, we 
have, therefore, the relation. 


log Nm=log N—3.0518. 


t Loc. cit., p. 603; or, more conveniently, see Table XIII, Contribution No. 301. 
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The values of the density thus found were used to interpolate the 
approximate magnitudes m’ from the fifth column of Table XVIII, 
Contribution No. 301. These differ systematically from the values of 
m given in Table I by the quantities m—m’, which are the basis for 
the correction of m’. 

The mean values of m—m’ vary with the declination and with 
other circumstances peculiar to the individual zones, such, for ex- 
ample, as the fact that, although regions of known obscuration were 
ignored in drawing the density-latitude curves used in deriving the 
values of m, the deficiency of stars in these regions, by affecting the 


TABLE III 
Frnat REDUCTION FOR VATICAN ZONES 


Sc.R 50 40 30 20 Io ° 
Nee eee oe 887 2201 6139 16750 50283 88782 
log Nm...... 9.896 0.201 0.736 1.172 1.650 1.896 
1 en re OR 8.35 9.26 10.31 Ei. 37; 12.57 I3.20 
1 EEG ICIOSET Re ey a 8.87 10.08 1 Dee Tes 5 12.98 
Mie Rae eves in cic —0.39 —0.23 —0.22 —0.22 —0.22 
Corrections...} —0o.33 —0.31 —o0.28 —0.25 —0.24 —0.24 
Adopted m... 8.02 8.91 10.06 II.14 12.34 12.97 


totals NV, enters directly into m’. Consequently, the corrections to m’ 
for any zone must be based primarily on the mean m—m?’ for that 
zone. 

Further, some variation in m—m’ with brightness is also to be 
expected. This was investigated by forming the deviations of the 
values of m—m’ given in Table I from the means for the separate 
zones and arranging the results according to brightness for groups 
of zones covering a moderate range in declination. Within the pre- 
cision of the data, the variation in m—m’ thus found is independent 
of declination, and is represented by the following mean values: 


, 
AR OE St EE OK oe 8 9 Io II 12 13 
Wate lt t= 95) cee eae —0.08 —0.05 —0.025 0.00 +0.02 -+0.02 


The adopted correction to any m’ has therefore the form 
Mean m—m’+ Variation in m—m’ . 
Thus for the Vatican zones, the mean m—m’ is —o.26. For scale- 
reading 50, m’=8.35, and from the foregoing tabulation the varia- 
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TABLE IV 


INTERNATIONAL PHOTOGRAPHIC MAGNITUDES FOR ASTROGRAPHIC ZONES 


VATICAN 
Sc.R 50 40 30 20 | bdo) ° 
at O2 eee Shears 8.02 8.91 10.06 II.14 | 12.34 12.97 
OXFORD 
Sc.R 45 35 26 18 I2 All 
Soh acaeee 8.43 9.60 10.70 II.90 12.89 13.48 
Sea Ohteiet er 8.66 9-79 10.86 12.06 12.92 13.69 
Bros Ge 8.30 9.39 To.32 II.52 12.48 eyed 
Se AcacpORerrO 8.24 g.20 10.13 Tos 12.24 13.28 
etoAO is eve ares6 8.25 9.32 10.34 Tras 12.82 13.48 
ORE HOIAIOS 8.49 9.56 10.63 11.89 12.77 13.52 
Sc.R 50 40 30 18 12 fe) 
Ot vec a 7.95 8.99 10.05 1.57 12.43 13.08 
Sc.R. 7 5 ia AUS interne a eis ripetellle ots. seperate 
Sade Nel x sie Toeat: 13.49 T3255 3 02st] orien ees) decbenceeeee 
PARIS 
Sc.R. 8.0 8.5 9.0 9.5 I0.0 10.5 
= OC ol ea age 9.14 9.72 10.39 I1.05 II.72 I2.30 
fad2 oie teilcia’eie's 9.20 9.72 10.35 10.97 II.70 12.27 
Sc.R II.o II.5 AL Series 5 a ostk eit eoiiote < wrswieercd ta distegte enews 
Se Oe 12.80 13.14 DACGAay || Sod tes a Users earereenerte 
eR Orr atare eiste 12.79 releny2 DRAB! || Mecano loue a lituce weteleieen | asters sv eaieeete 
BORDEAUX 
Se.R 6.5 7.0 75 8.0 8.5 9.0 
LT ie soe es 8.05 8.73 9.35 10.07 10.72 II.4I 
LSE SE go hve eve TLS oA ramets iaules B20OU tae ocatare ss TO, OD tance see 
SPADE) Sele cavers Onde” Iain esc sys i> plistctsreares Geets OOO MSS pavcrsesgeetets 
SS eee GaS0) fra komciereds SDS iete.cusier se wears @ G03. wil isiaitige tees 
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TABLE IV, BorpEAUx—Continued 


Sc.R 90.5 10.0 10.5 II.o Tis 12.5 
st REC II.Q1 12.35 12.65 12.93 13.13 beat foe 
ster O Sra ere s ahate TESA! eo Paecversie ase T22O> ||iavorsiaracanoute 12.70 12.77 
ETT sila l sie aioe EUS 20 0 |aictecie suas T2sTS |e se sree 12.61 12.65 
SPE si eisreie aes ELHGO? Wepre terete TOGO | ceraicte ctl setts I2.99 I3.00 


* This value corresponds to Sc.R. 12.0. 


TOULOUSE 
Sc.R 8.0 a 9.0 9-5 10.0 10.5 
ele Wear rar ee 8.63 9.06 9.71 10.34 10.69 II.05 
Sc.R II.0 328 12.0 255) Ve asatape sacs |e ate Care eaaeae 
ae eee 11.44 Ir.81 12.19 T2669 | Cares comes eres 
ALGIERS 
Sc.R 6.9 7.9 8.9 9.9 10.9 II.9 
pet ae ite Sot 8.12 9.20 I0.92 nae yy) 12.37 12.96 


Sc.R 8.0 8.5 9.0 9-5 10.0 Tons 
= ae 9-43 10.16 10.91 Ir.6r 12.22 1 Gf 
al Sea 9.14 9.98 10.76 11.48 12.16 12.60 
ses Fe ahs. srille i # fe 9.19 9.99 10.73 II.42 12.03 I2.50 
= ae ce 9.30 10.04 10.70 II. 34 11.87 12.30 
Sc.R II.o Tr.5 AM” Nepepettecte cir! |ls aieieies cpa ote |ee oe eee 
: a ee a 
ete CRE 13.04 T3.21 TB 25 |leielenatecers ones | exec tretensr aera | cee eee aoa 
Fb Goi nie 12.84 12.96 E300. eevalsrens xaos] epee eon eyerer eral Sein eso 
ETC 12.77 12.99 TSOO. Wecci clever wipers |\teaseletanete celal shear eereremetate 
SCH aces 12.60 12.83 L22GO: © [aia create atelajsilic wie ate glehale rs cree tnyeeemmterate 


TACUBAYA 
en eee 
Sc.R 8.0 8.5 9.0 9-5 10.0 10.5 
Sa ee ae 9.28 I0.00 10.66 11.28 II.94 12.50 
SG eee ae Q.II 9.86 10.51 Ir.26 11.88 12.50 
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TABLE IV, tacupava—Continued 


Sc.R II.0 II.5 | BE Cee CAE Prk Dor ee 
a Eee 12.97 TG AD Seca sperorgee a weet eae vera tehe’ « Homer Bebe euelcll Cc keene 
= TO cis 5 o-0 0 6 13.06 PSO eke, eater ol heise cues dH kense cus suet | ote beeen alan 

HYDERABAD 

Sc.R 50 40 30 20 12 8 
ce LI Pray teh OnSAbar isthe scsi Trac T2203 T2575 13.36 
eet CORN teres QaOOF lesen’ Tr. 42 12.16 12.79 13.34 
peel Cp eter eieaese 9.32 10.18 Ir.36 12.18 I2.90 13.28 

CORDOBA 

Sc.R 51 41 31 21 Ir I 
Raise es TeRG 8.68 9.99 II.41 12.89 13.30 
OA CRE 7.43 8.61 10.08 II.44 12.82 I3.04 
2 aera sis see > 6.73 7.83 9.27 10.76 12.48 12.98 
Sei Teg tetaien, ¢ 6253 7.58 9.14 10.65 I2.59 13.20 

PERTH 

Sc.R. A B 1c D E F 
=e see 8.63 Q.20 9.83 10.33 10.89 11.46 
a) eee 8.49 8.92 9.50 10.15 10.89 II.45 
mi (in gteeie cies 8.92 9.40 10.03 10.64 Tr .3% 11.80 

Sc.R. G H 7 K L M 
mee D eases 11.98 12.45 12.81 13.05 13.16 13.16 
0 Ny Oe 12.06 I2.54 DDO Ts% | Scare Bustenabarn| states ested te 13.22 
SOs Gree 12.36 12.76 ah Watotey gl Ba neenn on lace Baers TCS. 


Sc.R. 50 40 30 20 | Io All 
Ber Oy eevee ienemik 8.30 9-33 10.08 II.34 | 12.89 13.52 
CAPE 
Sc.R 300 200 170 150 130 IIo 
Re eee ie lnun. clades beeen 
ren ree 7.98 NEI 2) el (SAHRA (COICO) Berenice (mac ame Siac 
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TABLE IV, carE—Continued 


Sc.R 100 80 60 —I —2 —5 
ec AToer Aeris 11.76 12.14 12.38 12.52 12.69 13.46* 
mA Datta tals <it TIAA a layer rscaateter, E22 SOW |iton cesta eeateeretet 13.58 
4B ienore 3 a2, ois TEC OD arn iar T2cASe |etewuus eatea| ocean 13.52 
* Additional values for —41°: —3, 12.90; —4, 13.16. 
MELBOURNE 
ee ee eS eee 
Sc.R. 41 36 31 26 2I 16 
mH O5 ft cstaiwicts 7.90 8.50 8.96 9.46 9.92 II.OI 


NOTES TO TABLE IV 


The magnitudes listed in Table IV refer to the faintest stars to which the respec- 
tive scale-readings have been assigned. The average magnitude corresponding to any 
scale-reading is brighter than the tabular value by approximately one-half the magni- 
tude interval covered by the step in scale-reading. 

Vatican: Results are mean values for zones +64°, +62°, and +60°. 

Bordeaux: Difference in scales especially noticeable for +17°. See Monthly Notices, 
79, 140. 

Toulouse: See note to Table I. 

Algiers: The large irregularity in the scale has been discussed by Turner, ibid., 
72, 701. 

Melbourne: The images were measured on three different machines, for one of 
which there is an important systematic difference. See zbid., 77, 36. 


tion in m—m’ is —o.07, which gives a total correction of —0.33 
and an adopted limiting magnitude of 8.02. For those cases in which 
a value of m is available from Table I, the adopted magnitude is the 
mean of m and the corrected m’. The agreement in the pairs of 
values thus found is excellent, the mean difference being +0.04 mag. 
The use of means tends to smooth out accidental errors in m arising 
from uncertainty in drawing the density-latitude curves, which may 
be systematically too high or too low. The final results in the last 
lines of Table III appear in Table IV along with those for the other 
zones, which were all treated by the method outlined. 

In using Table IV it is important to bear in mind a point already 
mentioned, namely, that the magnitudes refer to the faintest stars 
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included among those to which the corresponding scale-reading has 
been assigned. A more useful tabulation of results would have been 
one giving average values of the magnitude corresponding to the 
respective scale-readings. These differ from the values appearing 
in Table IV by approximately one-half the magnitude interval corre- 
sponding to the smallest interval of scale-reading used to express 
the brightness of the stars. The step in scale-reading differs from 
zone to zone, and since the actual values were not always available, 
the results are necessarily presented as in Table IV. 

It is also to be noted that Table IV pretends to be nothing more 
than an average calibration of the respective scales. Nevertheless, 
the residuals in Table I show that in many instances this calibration 
is directly applicable to small parts of a zone. Further, it should be 
recalled that, even when the residuals of Table I are systematic, 
the average calibration may be better than the residuals indicate, 
for large-scale irregularities in stellar distribution and certain errors 
involved in the method of reduction contribute to the progressive 
character of the residuals. Magnitudes for individual stars derived 
with the aid of Table IV, for obvious reasons, will be subject to a 
relatively large uncertainty. 


Mount WILSON OBSERVATORY 
October 1925 
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NOTES ON LINES IN THE SPECTRA OF 
RED STARS 


By PAUL W. MERRILL 


ABSTRACT 

Lines of various elements in stellar spectra of classes M, N, and S.—The behavior 
of lines of H, He, Li, Na, K, Mg, Ca, Sr, Ba, Al, Ti, Zr, V, Cr, Mn, and Fe is described, 
especial attention being paid to the series classification of the lines and their relative 
intensities in the various spectral types. 

The rising interest in the chemical and physical problems of 
stellar atmospheres makes desirable the compilation of detailed 
data concerning stellar spectra in a form adapted for convenient 
reference. Professor Russell has prepared the way for this by pub- 
lishing a classified list of spectral lines of astrophysical interest.* 
The purpose of the present paper is to describe lines of various chem- 
ical elements in the spectra of stars near the low-temperature end of 
the stellar sequence. The data refer chiefly to giant variable stars 
of classes M, N, and S. 

A few introductory remarks will aid in the interpretation of the 
data which follow. In the first place, it is to be remembered that 
the dispersion with which spectrograms of red stars have been ob- 
tained is very small compared to that used in laboratory and solar 
research. This means that very accurate determinations of wave- 
length cannot be made; that faint lines cannot be observed; and that 
difficulties caused by the blending of neighboring lines will be numer- 
ous and troublesome. 

The spectral region which has been extensively observed is 
limited to a few hundred angstrom units. The region most adequate- 
ly studied lies between \ 4100 and \ 4500. At shorter wave-lengths 
the rapid drop in the spectral intensity-curve results in under- 
exposed spectrograms, which rarely extend to the calcium line K 
(A 3933). At wave-lengths longer than \ 4500, and especially be- 
yond \ 4900, the observations are not so numerous, the prismatic 
dispersion is decidedly smaller, and the strong bands greatly inter- 


I Mt. Wilson Contr., No. 286; Astrophysical Journal, 61, 223, 1925. 
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fere with the recognition and identification of lines. In attempting 
the present compilation the writer has been much impressed by the 
incompleteness of the data, especially outside the spectral limits 
X 4100 to 4 4900. This is caused partly by inherent difficulties and 
partly by lack of adequate observations. A comparison of our knowl- 
edge of lines in stellar spectra with Russell’s lists and other labora- 
tory data will suggest numerous definite problems, many of which 
would readily yield to systematic observation. 


TABLE I 


CHARACTERISTIC INTENSITIES OF BRIGHT HyDROGEN LINES 
IN VARIABLE Stars AT Maximum LIGHT 


Class M Class S Class N 
FL OIGSOR oF ener 2 15 Io 
FEB ASGL oie scernretoraatotes 2 12 Io 
FV AZ4O Ws ta stakosute 20 5 5 
TI GVALOS casei a tare cate 30 3 2 
LL GSO 7 Oc rel veterans en Re Seas cod choiarcn gooc 
TGZESO a tour cise oer is 15 I Trace 
FL HA ene Slater habia auecenes So Wades tte las slg area 
LG: 890 8ix.a i nnce tents B  ) atirtece hatetonat revel arateroxtren aeons 
Ns PASE G bh oe ieee acre Re 7 FM (OER oe erGeccr eae cere: 
VE WEY Do Braet GON J, | ever: susuetetlotaten ce | oevetersneniereterets 


The very valuable discussions of lines.in spectra of class N by 
Hale, Ellerman, and Parkhurst,’ and by Shane,? have been freely 
used in preparing the present paper. Through the kindness of Mr. 
Joy, his extensive investigation of o Ceti has been available for 
reference prior to its publication. 

Hydrogen.—The Balmer lines are bright in all long-period vari- 
ables of classes M and S, and in a few variables of class N. In all 
these classes the bright hydrogen lines have their greatest intensities 
near the time of maximum light and are weak or absent near mini- 
mum. Typical intensities at maximum are given in Table I.3 

The anomalously low intensities of bright Ha, HB, and Hein Me 
stars are very striking and present important physical problems.‘ 


t Publications of the Yerkes Observatory, 2, 253, 1903. 
2 Lick Observatory Bulletins, 10, 79, 1920. 
3 For more detailed data, see the following references: Class Me, M1. Wilson Contr., 
No. 200; Astrophysical Journal, 53, 185, 1921. Class Se, Mt. Wilson Contr., No, 252; 
Astrophysical Journal, 56, 457, 1922. Class Ne, Lick Observatory Bulletins, 10, 79, 1920. 
4 Physical Review, 25, 717, 1925. 
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It appears to be true in general that, the cooler the star, the greater 
is the departure of the relative intensities of the Balmer lines from 
those ordinarily observed in the laboratory. 

The Balmer lines are frequently present in absorption in irregular 
variables and non-variable red stars. They are fairly strong in S- 
type spectra and high-luminosity stars of classes Mo-M3. They are 
weak in advanced M-types and in all red dwarf stars. In class N, 
Hy and Hé have been observed as dark lines,t but not Ha and H 8"? 

Lines of the secondary spectrum of hydrogen have not been ob- 
served in stellar spectra. 

Heliwm.—Lines of helium are not ordinarily found in the spectra 
of red stars. They appear, however, in R Aquarii at minimum 
brightness, but the spectrum at this time strongly resembles that of 
a planetary nebula, and its physical relationship to the M7e spec- 
trum of the variable star is not understood. 

Lithium.—No lines have been identified with certainty. The 
strong lines are not in favorable portions of the spectrum, but the 
intensities cannot be high. 

Sodium.—The dark D lines are strong in most red stars, being 
outstanding features in classes N and S. In class M, however, they 
are not nearly so strong; in the advanced types M6e—M8e they 
are, in fact, surprisingly inconspicuous. Thus, in the coolest stars, 
these lines have but a small fraction of the intensity they exhibit at 
somewhat higher temperatures. As they are ultimate lines of neu- 
tral sodium, this behavior is unexpected and suggests that at the 
lowest-known stellar temperatures the supply of free sodium atoms 
in the reversing layer becomes nearly exhausted, perhaps by the 
formation of compounds. 

Potassium.—The pair dX 4044, 4047, 1S?— 2p, is weak in types 
Mo to Mg, but strengthens rapidly toward the end of the M se- 
quence. This behavior is to be expected of lines in the principal se- 
ries, and is at variance with the anomalous weakness of the D lines of 
sodium in the coolest stars. The potassium pair merits further study 
as its region has not been adequately observed in N and S spectra. 
Among M-type spectra it appears not always to have the same in- 


t Hale, Ellerman, and Parkhurst, of. cit., p. 373, 1903. 
2 Shane, Lick Observatory Bulletins, 10, 81, 1920. 
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tensity in stars of a given subdivision, and perhaps varies with the 
light-phase. 

Magnesium—tThe low-temperature line \ 4571.11, 1S—1p%, 
is present in absorption in long-period variables of classes M and S 
near maximum light, changing to emission toward minimum.’ At 
minimum it may become the strongest feature in the blue-violet 
portion of the spectrum. It is present as a weak absorption line in 
N-type spectra. 

The green triplet AA 5183.67, 5172.70, 5167.38, 1p*—1s%, is de- 
scribed as “prominent” in absorption in class N by Hale, Ellerman, 
and Parkhurst. It is probably present in class S. It is difficult to 
observe in class M, at least with low dispersion, on account of the 
strong titanium oxide band having its head at \ 5167, but has been 
measured in the spectrum of a Herculis. 

The first member of the diffuse triplet series 1p*—2d* consists 
of lines at AA 3838.29, 3832.31, and 3829.36. Faint emission lines 
were measured in these positions on a single-prism spectrogram of 
R Leonis taken at Mount Wilson on February 26, 1921, forty-seven 
days after maximum light. There was only a trace of bright \ 4571 at 
this time, but a month later it was strongly developed. Unfortu- 
nately nothing can be said as to the intensities of the ultra-violet 
triplet on the later date. When properly observed, the relative be- 
havior of these magnesium lines should yield valuable information 
concerning temperatures in the atmospheres of these stars. 

Calctum.—The ultimate singlet \ 4226.73 is very strong and 
broad in absorption in red stars, and, in contrast to the behavior 
of the D lines of sodium, seems to grow more intense with decreasing 
temperature. \ 6572.78, 15—1p, if present at all, is weak in all 
classes of red stars. 

The group given by Russell under excitation potential 1.88 is 
well represented in advanced M-types and probably also in N- and 
S-types. All the class I lines in this group seem to be present in M- 
type variables, although they are not strong, and a few are doubtful 
because nearly coincident with low-temperature lines of other ele- 
ments. 


* Mt. Wilson Contr., No. 200; Astrophysical Journal, 53, 185, 1921. Publications of 
the Astronomical Society of the Pacific, 33, 206, 1921. 
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The ionized lines, Fraunhofer H and K, lie so far in the violet 
that abnormally long exposures are required to show them in the 
spectra of red stars. They are conspicuous broad dark lines on spec- 
trograms having the proper density in their region and are doubtless 
present in all or nearly all red stars. Although probably somewhat 
less intense than in class Ko, they are nevertheless surprisingly 
strong even in the cooler red stars such as x Cygni. More extensive 
observations of these lines are very desirable to indicate their in- 
tensities in different stellar types and, in variable stars, their changes 
with phase. 

Strontium.—The strong low-temperature line \ 4607.34, 13—1P, 
is well marked in red stars. In class M it appears, in general, to 
grow stronger with advancing type. The line \ 4832.08 has been 
measured in a Herculis, class Ms. 

The ionized lines \\ 4077.71 and 4215.52 are strong in class N, 
very strong in class S, and have widely different intensities in vari- 
ous M-type stars. While there is a strong tendency for these lines to 
grow weaker from M3 to M8, absolute magnitude, or some other 
factor, introduces considerable variations. These lines are very 
much stronger in x Cygni, for example, than in certain other stars 
of the same type. In a few Me variables they have been observed 
to grow less intense after maximum light. 

Barium.—The strong low-temperature line \ 5535.53, 15—1P, 
is weak or absent in all three types of red stars. 

The ionized line \ 4554.04 is weak in class M, strong in class N, 
and very strong in class S, being, in fact, one of the distinctive fea- 
tures of class S. Its behavior is followed by that of the weaker line 
d 4934.10. 

Aluminum.—The pair Ad 3944.03 and 3961.54, 1p?— 1s’, is strong 
in Me variables. Mr. Joy informs me that in o Ceti it strengthens 
markedly toward minimum. Its intensity in classes N and S is not 
known. 

Titanium.—The lines \X 3981.77, 3989.77, and 3998.65 of the 0.0 
energy-level of the neutral atom are strong in all subdivisions of 
class M, probably increasing in intensity with advancing type. 
Several others of the stronger lines arising from the 0.0 level have 
also been observed. The lines near \ 4500 from the level 0.82 are 
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fairly strong in the early subdivisions, but decrease toward M8. 
This group of lines is present in N and S spectra also. 

Zirconium.—The following strong zirconium lines are present in 
class S: 


4535.75 blend with Ti 4710.08 

4542.22? 4772.33 

4575-52 aa 
4633.99 4815.62 

4687.81 4828.06 

a 


They appear to be absent or much weaker in class M. This 
probably applies to class N also. 

Vanadium.—Numerous lines from the two lowest levels are 
present in classes M, S, and N, although many are of moderate in- 
tensity. In class Me, which has been more extensively observed, 
these lower-level lines are represented with remarkable complete- 
ness. 

Chromium.—The well-known triplet 4254, 4274, 4280, 

s’—1p’, is strong in all classes of red stars. In class M it shows a 
marked increase of intensity with advancing type. The green triplet 
near A 5206 is present in all three classes. In class M nearly all the 
stronger lines in the 0.94 and 0.98 levels which lie in accessible parts 
of the spectrum have been observed, and X 5328.34, the strongest 
line in the 2.88 group, has been measured in a Herculis. 

Manganese——The well-known low-temperature triplet near 
d 4030, 18°—1p®, is very strong in M-type stars, increasing in in- 
tensity with advancing type. It is present in class S with approxi- 
mately the same intensity as in the earlier subdivisions of class M. 
In Me variables, \ 4030 has been observed in emission during the 
phase of decreasing light. It appears first as a bright edge on the 
violet side of the dark line. 

The multiplet 1d°— 1d’ is represented by weak lines in class Me. 
They appear not to strengthen with advancing type to the same 
extent as the A 4030 triplet. This might be expected because the 
level to which they belong is 2.16 volts above that for the triplet. 

The line \ 4823.52 has been measured in all three classes of red 
stars. 
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Iron.—Comparing the iron-arc spectrum with lines in class M, 
we find a fragmentary and irregular correspondence, but if we use 
instead a list of King’s low-temperature lines, or the lines originating 
from the 0.0 and 0.94 levels as compiled by Russell, the agreement is 
quite complete and satisfactory. The strong lines of level 1.54 are 
present with relatively low intensities, and lines of higher levels 
appear to be absent. The lines of the 1.54 level grow weaker with 
advancing type. Classes N and S resemble class M, except that the 
lines of level 1.54 are relatively stronger. Toward minimum of long- 
period variables of class Me the extreme low-temperature lines 
appear in emission. At an earlier phase after maximum, strong emis- 
sion lines appear in the positions of the iron lines AA 4202 and 4308. 
These are believed by several observers to arise from iron atoms, 
but some doubt as to the identification will probably remain until 
these lines can be shown by laboratory experiments to be outstand- 
ing under certain conditions. It is possible, however, that continued 
observations of stellar spectra may settle the matter by showing the 
presence in emission of related iron lines. 

A remarkable fact, but one which seems well attested, is the 
presence of a few of the strongest enhanced lines of iron in Se vari- 
ables,‘ in o Ceti,? and in certain other M stars. 


Mount WItson OBSERVATORY 
September 1925 


¥ Mi. Wilson Contr., No. 252; Astrophysical Journal, 56, 457, 1922. 
2 Unpublished data by Mr. Joy. 
3 Publications of the Astronomical Society of the Pacific, 34, 175, 1922. 
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AN ATTEMPT TO DETECT WATER-VAPOR AND OXYGEN 
LINES IN THE SPECTRUM OF MARS WITH 
THE REGISTERING MICROPHOTOMETER 


By WALTER S. ADAMS anp CHARLES E. ST. JOHN 


ABSTRACT 


Observation of water-vapor and oxygen in the spectra of Mars and the sky.—lf these 
gases are present in the atmosphere of Mars, the motion of the planet with reference to 
the earth should produce a relative displacement of the lines due to these gases in the 
two spectra. 

Material.—Spectrograms of Mars and the sky were made with a 6-prism spectro- 
graph, the scale being 1 mm=7.3 A at D; graphs were drawn by a registering micro- 
photometer on a scale of 1 mm=o.12 A. 

Method of measurement.—The lines of water-vapor and oxygen in the graphs of the 
two spectra were superposed; the relative displacements of the solar lines were then 
read directly from the curves. 

Results —The water-vapor lines in the spectrum of Mars were displaced 0.03 0.01 A, 
and the oxygen lines 0.09 0.03 A to the red, with respect to their positions in the sky 
spectrum. On taking account of the Doppler displacement, the length of path in the 
two atmospheres, and the amounts of water-vapor and oxygen above Mount Wilson, 
the quantity of water-vapor in the atmosphere of Mars, area for area, was found to be 
approximately 3 per cent of that over Pasadena, and the quantity of oxygen two-thirds 
of that above Mount Everest. 


Before red-sensitive photographic plates were available, ob- 
servations of the oxygen and water-vapor lines in the spectrum of 
Mars were necessarily visual. The first spectrograms covering the 
B-band of oxygen and the a-band of water-vapor’ were made by 
V.M. Slipher in 1908. 

Professor Very made photometric measurements of the relative 
intensity of the bands on Slipher’s spectrograms and concluded that 
the atmosphere of Mars contained 1.75 times as much water-vapor 
as the atmosphere of the earth above Flagstaff and that the B-band 
of oxygen was 15 per cent stronger than in the spectrum of the moon 
at the same altitude.? 

Campbell, from the equality of the a-band in spectrograms of 
Mars and the moon taken on Mount Whitney, came to the con- 
clusion that the quantity of water-vapor in the atmosphere of Mars 

t Astrophysical Journal, 28, 397, 1908. 

2 Lowell Observatory Bulletins, Nos. 36 and 41, 1909. 
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at the time of his observations was too small to be detected by the 
spectroscopic methods then available.” 

The Doppler-Fizeau principle was applied by Lowell and Slipher 
with low dispersion in an attempt to detect lines originating in the 
atmosphere of Mars from their displacement with respect to similar 
lines originating in the atmosphere of the earth. They concluded 
that their measures neither proved nor disproved a displacement due 
to the motion of Mars relative to the earth.” 

Campbell and Albrecht employed much higher dispersion and 
found for water-vapor lines near D a displacement of 19.2 km/sec. 
and for the a-band of oxygen 18.1 km/sec., the displacement due 
to relative motion being 19.1 km/sec. They concluded that the 
water-vapor in the atmosphere of Mars was less than one-fifth that 
above Mount Hamilton and that the quantity of oxygen was small 
compared to that in the earth’s atmosphere. 

The primary purpose of our observations was to test the applica- 
bility of the Doppler-Fizeau principle to this problem by the use of 
a spectrograph of higher dispersion and the registering micro- 
photometer. The spectrograms of Mars and of the sky were taken 
with a 6-prism wooden spectrograph placed on a pier in the constant 
temperature room at the coudé focus of the 60-inch reflector. The 
scale of the original spectrograms was 1 mm=7.3 Aat Dand11.4A 
at \ 6300. The scale of the graphs drawn by the registering micro- 
photometer was 1mm=o.12A at D and 0.19 A at 6300. The 
spectrograms were made on February 2, 1925, at a time when the 
relative velocity of Mars and the earth was considerable. 


PASTS So goatee ccs 5° 35™-9" 20" P.S.T. ... . Exp. 225 min. 
KV eee ste aera an fom PS, Leavers. seis Exp. 30 sec. 
MU AVIGEN a ied ce waaay ene See 0.075 mm 


Length of path in atmosphere of Mars (secz). 2.2 
Length of path in atmosphere of Earth (sec z). 1.4 


Relative -velocity.c\05 «soc fea here +17.80 km/sec. 
Velocity displacement at D..............000 0.35A 
Velocity displacement at 4 6300........0.0005 0.37A 


* Lick Observatory Bulletins, No. 169, 1909. 
2 Lowell Observatory Bulletins, No. 17, 1905. 
3 Lick Observatory Bulletins, No. 180, 1909. 
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Water-vapor—The measurements were made by superposing 
successively the 6 water-vapor lines 


d 5887. 560 

PN et 5887.620 

5879.945 » 5886. 193 5887 .905 
d 5887.445 \ 

5887.880 A 5919.860 4 5920.776 


in graphs of the spectra of Mars and the sky over millimeter cross- 
section paper and reading with a magnifier the distances between 
the lines of solar origin, AA 5884, 5893, 5905, 5914, and 5922, on the 
two graphs. The means of the two observers were 2.60.13 mm 
and 2.70.10 mm, respectively, the final weighted mean being 
2.67+0.08 mm, equivalent to 0.32o0.01 A. 

The displacement of 0.35 A, due to relative motion, minus the 
measured displacement 0.32 A, is 0.03 A and represents the displace- 
ment to the red of the water-vapor lines in the combined Mars-sky 
spectrum due to water-vapor in the atmosphere of Mars. When the 
displacement is small compared with the width of the lines, as was 
the case on these graphs, the approximate relation 


Ad\=(1+K,/K,)6 


is applicable, where K, and K, are the intensities of the lines in 
the atmospheres of the earth and Mars, respectively. When Ad is 
0.35 A and 6 is 0.03 A, K, is 0.09 Ky. 

The component of the water-vapor lines due to Mars in the 
Mars-sky spectrum at the time of observation was g per cent as 
strong as the component due to the water-vapor in the earth’s 
atmosphere. The precipitable water above Mount Wilson at 5 P.M. 
on the day of observation was 0.73 cu. cm, for the preceding day 
0.74 cu. cm, and for the following 0.75 cu. cm, or one-half that over 
Pasadena at noon for the same days. Taking into consideration the 
paths traversed in the two atmospheres, we find that the quantity 
of water-vapor in the atmosphere of Mars, area for area, was 6 per 
cent of that over Mount Wilson and 3 per cent of that over Pasa- 
dena. This indicates extreme desert conditions over the greater por- 
tion of the Martian hemisphere toward us at the time, which was 
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near the beginning of the Martian spring, or about 2.5 Martian 
months after the solstice. 
Oxygen.—Similar measurements were made with the oxygen lines. 


» 6276.815 d 6277.513 See d 6295.389 
6277.021 6277.634 6279.308 6296.170 
6277.701 6310.101 

6277 .837 


The mean displacement of the solar lines \\ 6265, 6270, 6298, 
6301-2, 6322, and 6339, referred to the oxygen lines in the Mars-sky 


RELATIVE STRENGTH OF THE MARTIAN AND TERRESTERIAL COMPONENTS 
OF THE OXYGEN AND WATER-VAPOR LINES IN THE SPECTRUM OF MARS. 
FEBRUARY 2,1925 


P=" . — 
O.37A 0.3254 


OXYGEN WATER-VAPOR 


Fic. 1 


spectrum, was 1.46+0.17 mm, equivalent to 0.28+0.03 A. The 
displacement due to relative velocity was 0.37 A. Applying the 
formula as above, we find that the Martian component of the 
oxygen line in the Mars-sky spectrum was 33 per cent of the earth’s 
component. 

On taking account of length of path and the elevation of the 
observing station, the oxygen in the atmosphere of Mars was found 
to be 16 per cent, area for area, of that over Mount Wilson, or about 
two-thirds of that in the earth’s atmosphere above Mount Everest. 

The heights of the curves M and E in Figure 1 indicate the rela- 
tive intensities of the Martian and terrestrial components of the 
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oxygen and water-vapor lines on the Mars-sky spectrogram. The 
Martian components are displaced to the red—to the left in the dia- 
gram—by the amount of the Doppler effect. For components of 
equal intensity the compound line in the spectrum of Mars would 
have been displaced by one-half the Doppler effect. ‘The measured 
displacement, which is much less, is indicated by the position of the 
solid vertical line. 

We wish to express our appreciation of the skill and experience 
of Miss Ware in the production, and her assistance in the measure- 
ments, of the microphotometer graphs. 


Mount Witson OBSERVATORY 
November 1925 
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INTERNAL MOTIONS OF MESSIER 33 
By KNUT LUNDMARK 


ABSTRACT 

Internal motions of Messier 33.—The photographs measured and discussed by van 
Maanen, Mt. Wilson Contr. No. 260, were remeasured with the same measuring instru- 
ment and discussed by the same method. The same comparison stars and nebular points 
were selected for measurement. Any systematic difference in results is therefore of 
personal origin. 

The values found for the proper motion are a= —0" 0015, 4s= —0%0050; van Maan- 
en’s results are +070034 and —o"0044, respectively. The annual rotational components 
can be represented by —0%00084-+0%00032 p, and +0%01063-++0"00119 p (van Maan- 
en), p being the radial distance in minutes of arc. For the mean distance of the 399 
nebular points, p=7/6, these expressions for the rotational component become 
-+o%oo0160 (Lundmark) and +-o”or969 (van Maanen). The correlation coefficients be- 
tween the rotational and radial components found by the two measures are rrot.=0. 282 
0.046 (m.e.), rrad. =0. 453 0.040 (m.e.). 

During a stay at the Mount Wilson Observatory in 1922-1923, 
at the suggestion of Director W. S. Adams and Dr. Adriaan van 
Maanen, I measured the well-known spiral nebula Messier 33 
(N.G.C. 5098) for internal motion. The plates used were the same 
as those measured by van Maanen,’ and, for purpose of comparison, 
the same objects were selected for measurement. Thus four hundred 
nebular points, which as a rule are starlike objects, well distribu- 
ted in the spiral arms and having a considerable range in bright- 
ness, were measured by both of us. The same instrument was used, 
the new large stereocomparator with a monocular arrangement, 
and the precautions suggested and described by van Maanen were 
observed throughout.? My measures were made at the same time as 
those of van Maanen, but the reduction was carried out after my 
return to Upsala. 

The plates were measured in six positions, three in each equa- 
torial co-ordinate. For each set, the twelve plate constants were 
derived by a least-squares solution of the equations of condition 

t Mt. Wilson Contr., No. 260; Astrophysical Journal, 57, 264, 1923. 


2 Mt. Wilson Contr., No. 118; Astrophysical Journal, 44, 210, 1916; Mt. Wilson 
Comm., No. 72, 1921; Proceedings of the National Academy of Sciences, 7, 1, 1921. 


3 Van Maanen, Mt. Wilson Contr., No. 260; Astrophysical Journal, 57, 264, 1923; 
Mt. Wilson Annual Report, 1923. 
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yielded by the twenty-four comparison stars. The values of uw. and 
ps of the nebular objects were obtained with the aid of these plate 
constants, and the results from the different sets of measures were 
combined to form mean values. In discussing the measures, one 
point, No. 367, was omitted because its motion (u=o%112 annually) 
is so large that it cannot well be a part of the nebula. By different 
methods, the motion of translation—the total proper motion of the 
nebula—was found to be 


Ma=—O”OOIS ; ws=—0"%0050 , 


which is in good agreement with the corresponding values of van 
Maanen, namely, +0”%0034 and —o"0044, respectively. 

Subtracting the translational motion from the values of ua and 
us for the nebular objects, we obtain the internal motions, which are 
illustrated in Plate III. These have been resolved into rotational and 
radial components. The positive sign is used for motions in the 
directions NESW and outward in the nebula. 

The mean values of these components are 


Hrot,= 0.0016 3 Mrad.= — 070057 . 


The corresponding values from van Maanen’s measures are +0”0196 
and +0%oo29, respectively. The standard deviations or dispersions 
around the means are 


Grot.= + 0%0065,, Grad, = =0"0091 (Lundmark) ; 


Prot, = +=070080, drad.= #070096 (van Maanen) . 


The rotational motions found by me can be represented by the 
linear expression 


Hrot.= — 0000840700032» , 


where p is the distance from the center of the nebula in minutes of 
arc. 


A similar solution of van Maanen’s components gave 


Mrot.= +0%01063-+0"o01r0p . 
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INTERNAL MOTIONS IN MESSIER 33 


The arrows indicate the directions and magnitudes of the annual motions. 
closed in circles. The scale of the nebula is 1 mm=1274, 


The comparison stars are 


INTERNAL MOTIONS OF M 33 a 


Since most of the nebular points are at some distance from the 
center, both series of measures give a general rotational motion of 
the nebula in the same direction. Further, both series show an 
increase in the rotation from the center outward of the same general 
order of magnitude. Using as variates the values of prot, found by 
each measurer and computing the correlation coefficient 7, we have 


r=0,282+0.046 (m.e.) , 


a value which, according to the rules used in statistics, should indi- 
cate a real correlation. 

As the mean distance p of the 399 objects is 7/61, the mean period 
of rotation will be 2.8 10° years according to my measures, and 
0.23 X10° according to the measures of van Maanen. 

The correlation between the radial motions of the two measures 
is very definite. We have 


r=+0.453+0.040 (m.e.) . 


When the radial motions were plotted against p, a rather defi- 
nite relation was indicated. A least-squares solution was accord- 
ingly made, whereby it was found that the values of pra, could 
be represented by the formula 


rad, = —0”00117-+0"%00094p— 0" 00017)? . 


The solution reduced the sum of the squares of the residuals from 
45,845 (unit=o%oor) to 25,623, or 44 per cent. 

It does not seem very plausible that the change in praq, with dis- 
tance from the center should express any phenomenon arising from 
the actual internal motions of the nebula. It is perhaps more 
reasonable to assume its cause to be instrumental or optical, and 
the following explanation is tentatively suggested. The older plate, 
taken by Ritchey, is of unsurpassed quality and shows excellent defi- 
nition over relatively a wide field. The later plate is very good, in- 
deed, but does not quite match the older plate. Now it must be 
remembered that the comparison stars, as a rule, are brighter than 
the nebular objects, because the stars had to be so selected that there 


61 


4 KNUT LUNDMARK 


was little probability that they formed part of the nebula. Thus it is 
possible that a differential effect of coma has crept in and affected 
my measures in such a way as to introduce a spurious inward motion. 

Since such an effect of coma would be radial, it leaves the fore- 
going conclusions regarding the rotation of the nebula unchanged; 
but it certainly must be of importance when analyzing the motion 
along and across the spiral arms. 

The radial motions have been corrected for the general increase 
from center outward according to the foregoing formula. The cor- 
rected values of praq, have been combined with the unchanged prot.. 
The resultant motion is thought to represent the combined effect of 
internal motion and unavoidable errors of measurement. This has 
been resolved into components along the spiral arms, stream, and 
perpendicular to the arms, ptrans.. The positive sign is used for 
motions from the center outward and for motions toward the left 
for an observer facing outward along the spiral arms. 

The mean stream and transverse components are 


" " 
Mstream = +o . 0018 ) Mtrans. =-—oO. 0004 ° 


Van Maanen found the values +-0%0205 and —o0"003, respectively. 
The correlation between the two series of stream motions is ex- 
pressed by 


r=-+0.330+0.047 (m.e.) . 


The stream motions derived by me show an increase with in- 
creasing distance from the center of more or less the same order of 
magnitude as that found by van Maanen. 

Comparing van Maanen’s results for the internal motions of 
seven spiral nebulae with the rotation of the spirals N.G.C. 224, 
3031, and 4594, spectroscopically measured, we find, according to 
different assumptions, mean distances ranging between 10,000 and 
40,000 light-years. The measures of Messier 33 made by me sug- 
gest somewhat larger distances, varying between 40,000 and 160,000 
light-years. On account of the few cases investigated by spectro- 
scopic methods, considerable uncertainty is involved in the applica- 
tion of the method. 
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The following formula’ is easily deduced: 
M=([3.71856]urot.d3 tan p , 


where M is the mass within the distance p from the center, ex- 
pressed in minutes of arc, and d, the distance of the nebula from us, 
in parsecs. If we use the distance of 300,000 parsecs, as suggested 
by Hubble? from his investigations of Cepheids, the following values 
of M are obtained: 


1.6X10%© (van Maanen) ; 
I.1X10"%© (Lundmark) . 


I wish to express my sincere thanks to Dr. Adams and Dr. van 
Maanen for the opportunity given me to measure the plates of 
Messier 33. My thanks are also given to them, as well as to other 
members of the staff, for the interest taken in my work and for 
valuable help and suggestions during the memorable time I had the 
privilege of working at the Mount Wilson Observatory. 

UPSALA 

August 1925 

t Publications of the Astronomical Society of the Pacific, 34, 108, 1922. 

2 Observatory, 48, 139, 1925. 
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ON THE ORIGIN OF BRIGHT LINES IN 
STELLAR SPECTRA 


By SVEIN ROSSELAND* 


ABSTRACT 


; Origin of emission lines in stellar spectra-—The discussion distinguishes four princi- 
pal cases: 

1. A star in hydrostatic and radiative equilibrium in which the emission of radia- 
tion from any small portion of matter corresponds to the case of true temperature 
equilibrium would show absorption lines over the main stellar disk, while the atmos- 
phere projecting outside the disk would show emission lines. 

2. Owing to general atomic properties, the thermal state of matter assumed in (1) 
can only be realized in nature, provided the pressure and temperature exceed certain 
limits. Below these limits, i.e., in the outer parts of the stellar atmospheres, fluorescence 
comes into play, manifesting itself all over the stellar disk, and it is suggested that bright 
line emission in early-type stars is due to such causes. 

3. Any kind of penetrating radiation (i.e., in the nature of a-, B-, or y-tays) enter- 
ing the atmosphere must produce bright-line radiation, as shown, for instance, in the 
case of the terrestrial aurora borealis. 

4. If the hydrodynamic state of the atmosphere is far from a state of hydrostatic 
equilibrium, local regions of high temperature may be formed in the atmosphere, which 
necessarily must give rise to bright-line emission. 

It is tentatively suggested that bright lines in late-type spectra owe their origin 
principally to such causes as are enumerated under (3), or possibly (4); the strong ex- 
citation of the gases concerned would seem to exclude (2), while (1) is excluded by the 
low density of the stars in question. 


The radiation emitted from a star is generally resolvable into a 
continuous spectrum on which is superposed selective absorption in 
lines and bands. In a minor number of objects, however, bright 
lines are found to be superposed on the general continuous spectrum. 
The great scarcity of these objects shows that the conditions under- 
lying the formation of bright lines are such as are not generally 
present in the atmosphere of an average star. 

1. Classification of bright-line stars —From the point of view of 
spectral classification, the objects showing bright lines fall essen- 
tially into two distinct classes, one at each end of the spectroscopic 
sequence. The first class contains stars of types O and B only. The 
early subdivisions of O-type stars show the Balmer series of hydro- 
gen and the spectrum of ionized helium in pure emission. In the 
later subclasses the high frequency members of the Balmer series 
weaken and change into absorption. The resulting mixture of ab- 


t Fellow of the International Education Board, 1924-26. 
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sorption and emission lines within the same spectral series is an 
essential characteristic for the class in question, as it is found among 
all bright-line B-stars hitherto observed.t To this class bright-line 
nebulae seem also to belong, since, with very few exceptions, they 
are all associated with B and O stars, with which they probably are 
physically connected. 

At the other end of the spectral sequence we find bright-line 
objects very different from those considered above. With few excep- 
tions they are all giant stars showing variability in light in long 
periods. The most notable exceptions’ are some dwarf stars which 
show bright hydrogen lines, and vary little, if at all, in brightness. 
Although the spectra of long-period variables, as far as bright lines 
are concerned, are essentially characterized by the presence of 
hydrogen lines, other elements are represented by bright lines which 
sometimes are rather conspicuous. The wave-lengths of the bright 
lines show displacements to the violet, relative to the absorption 
lines, which vary in amount during the period of light variation and 
indicate that the radiating matter is constantly flowing out from the 
interior of the stars. The intensity distribution among the lines of 
the Balmer series is such that 6 is the strongest line, the intensities 
of the other lines decreasing to both sides, so that Hy is fainter than 
H6 but stronger than 8, etc. It is significant, however, that in a 
small group of stars of very high luminosity, the intensity of the 
hydrogen lines decreases more or less regularly from Ha to H8, etc. 
Bright lines are also essential characteristics of the spectra of vari- 
ables of classes N, R, and S, and of irregular variables of late types. 
While hydrogen is still the dominating feature, other elements 
are invariably present, especially iron and titanium. The gap be- 
tween these two classes is not complete, as bright lines are found 
occasionally in the spectra of Cepheids and irregular variables of 
spectral classes F, G, and K, the stars in question all being of ex- 
ceptionally high luminosity. 

* A complete survey of the bright-line B-stars is given by Merrill, Humason, and 
Burwell, Contributions from Mount Wilson Observatory, No. 294; Astrophysical Journal, 
61, 389, 1925. 

? Adams and Joy: Publications of the Astronomical Society of the Pacific, 32, 158, 
1920; 34, 174 and 175, 1922. 
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2. General theoretical considerations.—In order to give precision 
to the conceptions which will be used, it is convenient to recall 
briefly some definitions and formulae of the theory of radiative 
equilibrium. 

Denote in a general way the radiation emitted per second from a 
certain volume element 6V (situated at the point x, y, 2), directed 
within an element of solid angle 6w and contained in the frequency 
interval dy by the expression 


E, dv bw 8V, 


where £, is a function of x, y, z, vy and the direction cosines of the 
positive axis of dw. Denote by J, dv éw do the radiation in the fre- 
quency interval dy which, per second, flows normally through the 
surface element 6¢ and is contained in the solid angle éw. Consider- 
ing the difference in flow in a distance ds along the direction of dw, 
we see without difficulty that, if there is to be no change of state in 
the course of time, J, and #, must be connected through the differ- 
ential relation" 


él, 
een oe . (1) 


The letter x, stands for the sum of the coefficients of absorption and 
scattering. We now introduce the notion of the optical thickness of a 
layer extending from a point A to a point B by the expression 


B 
(7, sm f Xy ds (2) 
A 


the integral being taken along the straight line joining the two points 
in question. The left-hand side of (1) may now be written in the 
form 


-1,9 ry 
: Os (Le ) 


«If the state of the system is variable in time ¢, an additional term (1/c) (aI,/at) 
must be added to the left-hand side of (1), ¢ being the velocity of light. 
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where the point A is assumed to be fixed, while B is variable. In- 
troducing 7, as a variable, instead of s, and integrating from A toC, 
we obtain from equation (1) the equivalent form 


(AC Fp 
(L,)c=(h)a cacy f ne 8) Z=(r,) BC. (3) 


The path of integration is in the direction opposite to the direction 
of I,. As £, will, in general, depend on J,, (3) is an integral equation 
for the determination of J,, which, for special cases, will reduce to a 
linear integral equation of the Fredholm type. 

The simplest case is met with when the function Z, corresponds 
to true temperature equilibrium. We have then by Kirchoff’s law 
that 47E,/c is equal to the product of the absorption coefficient and 
the energy density of black body radiation B,. Thus 


3 hy —I 
47h, =x, B, ; B= (ekP-1) (4) 


where /:, k, c, and T have their usual meaning. In this case we shall 
say that the system is in a quasi-thermal state, the difference from 
true temperature equilibrium consisting in the fact that the tempera- 
ture T may vary from point to point, as a consequence of which there 
will be a net flux of radiant energy at each point, and the energy 
density of radiation will not be equal to B,. The conditions for the 
possible appearance of bright lines in the spectrum of the radiation 
emitted from a star in a quasi-thermal state are simple, as they de- 
pend solely upon the optical thickness of the star for general absorp- 
tion, averaged in some way over the stellar disk. In order to see how 
this result emerges from the formula (3), we extend the integration 
from a point outside the star along a straight line so far into the 
star that the optical thickness of the intervening layer 7, is very 
large compared with unity. The last term in (3) is then negligible, 
and, on using (4), the first term may be written in the form 


C5 _7 a Gags 
Lge ae ) rest (5) 
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where B, is the average value of B, along the path of integration, 
the weight function being e~”. If the star is in a steady state, the 
temperature must of necessity increase on passing from the surface 
toward the interior, and, as B, increases rapidly with increasing 
temperature, it follows that the mean value of B, appearing in the 
foregoing formula will coincide approximately with the actual value 
of B, at the point below the surface where the optical thickness be- 
comes comparable with unity.’ The larger the absorption coefficient, 
the smaller is the distance below the surface at which a certain value 
of 7, will be attained, and, by (5), the smaller the intensity of the 
emergent radiation. Thus the spectral lines will show up in absorp- 
tion at this point on the stellar disk. 

At the limb of the star it may happen, however, that the total 
optical thickness in the line of sight is not large compared to unity, as 
a consequence of which we obtain, instead of (5), the formula 


llr: Tp we B 
~lcamipar A Osa ) eo (6) 


This just reverses the foregoing result, since 7, now increases with 
increasing values of the absorption coefficient, and, in consequence, 
the spectral lines will be bright. Defining the atmosphere of a star 
as the boundary region, the optical thickness of which for the main 
spectral region is comparable to unity, we understand that the main 
stellar disk will show a continuous spectrum with absorption lines, 
while the atmosphere, as seen at the limb, will show a spectrum 
principally of emission lines. Hence the simple result that the condi- 
tion for the appearance of emission lines in the integrated spectrum 
of the radiation emitted from a gaseous star in a quasi-thermal state 
is determined by the relative extension of its atmosphere. If this 
atmosphere outgrows its nuclear star completely, we have the limit- 
ing case of a quasi-thermal nebula showing a spectrum of emission 
lines. 

The conditions necessary for the maintenance of a quasi-thermal 
state may be violated in three different ways: (1) The star in ques- 

t The validity of this argument is limited by the implicit requirement that B, must 


increase at a slower rate than e7,, otherwise the integral would not converge, the 
intensity of emergent radiation being infinitely large. 
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tion may not be in a steady state: local variations in temperature 
may exist, producing, for instance, high temperature faculae and 
prominences. (2) The material may emit radiation at a rate which 
is independent of its temperature or of the intensity of the radiation 
sifting through the medium. Such is actually the case for the radia- 
tion emitted from radioactive substances. It does not matter much 
whether this radiation is ultimately corpuscular or electromagnetic 
in nature, as both would tend to set up a state of things which can- 
not be described by assigning to the substance any single tempera- 
ture. (3) The radiation absorbed by the substance may not be 
changed into energy of true temperature radiation before being re- 
radiated. When this is the case, the transformation of the radia- 
tion absorbed will depend essentially upon the scattering power of 
the substance. Such is the case for the phenomena of scattering, 
resonance, and fluorescent radiation. In any of these cases the con- 
ditions for the appearance of emission or absorption lines are dif- 
ferent from those applying to the quasi-thermal case. We shall now 
discuss the third alternative more closely. 

3. Fluorescence phenomena in stellar atmospheres.—A little re- 
flection will show that in the outer atmosphere of a star conditions 
will be such as to favor the formation of emission lines by fluores- 
cence. In order to elucidate this point it is necessary to consider the 
physical processes underlying fluorescence phenomena in general, 
As we are dealing with gases only, and in most cases with monatomic 
gases, the question is much simplified, as it appears to be an estab- 
lished fact that, for a given temperature, the appearance of fluores- 
cent radiation is a question of pressure only. The simplest instance 
of such processes is provided by mercury vapor, which, at pressures 
above a certain limit, absorbs radiation of wave-length 2536.7 A 
very strongly, the absorbed energy being converted directly into 
translational energy of temperature-motion of the atoms. For pres- 
sures below the critical limit, however, the absorbed radiation is 
largely re-emitted in all directions with unchanged wave-length. 
This influence of pressure on fluorescence phenomena is undoubtedly 
due to molecular collisions (of the so-called “second kind’’). During 
the absorption process the atoms are transferred to some higher 
quantum state from which, after the lapse of some time, they return 
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to the normal state under emission of radiation. Collisions of such 
excited atoms with other atoms of the gas may have the result that 
the absorbed energy is, in the collision process, changed into energy 
of translation of the colliding atoms. The critical pressure must cor- 
respond to the case when the mean time between two successive 
collisions of an atom is of the same order of magnitude as the mean 
time interval in which the atom will remain in the quantum state 
from which (or in which) the emission process in question takes 
place. 

In the special case considered above the scattered radiation has 
the same wave-length as the incident radiation, because no free 
transition of the atom is possible except a reversion to the state 
from which it started. In the general case the scattered radiation 
will, by Stokes’s law, be distributed over longer wave-lengths than 
the incident radiation, the law of distribution being determined by 
the energy distribution in the spectrum of the incident radiation 
and by the internal structure of the atoms in question, but not by 
the temperature of the substance as it may be calculated from the 
equation of state. In experiments on the extinction of resonance 
radiation in mercury the critical pressure has been found to be about 
one one-hundredth of an atmosphere, which indicates a mean life- 
period of the excited atom of about 1077 to 1o~® seconds. This, 
again, is about what might be expected from theory. 

Consider now the spectrum of the radiation received from a star 
by an observer situated at a distance 7 from its center, 7 being as- 
sumed to be larger than the radius of the star. Apart from the 
effect of darkening at the limb and the effect of absorption and 
emission lines, this spectrum, in the majority of cases, will show a 
fair resemblance to the spectrum of black body radiation, provided 
it is cut down by a factor W which is the same for all wave-lengths. 
The quantity 47W is equal to the solid angle subtended by the star 
as seen by the observer. The expression of the energy density of 
radiation in the frequency interval v to y+dy at the point in question 


is thus 
p(r)dy=WB, dy, (7) 
t For literature on this subject, cf. R. W. Wood, Philosophical Magazine, 23, 689, 
1912; J. Franck, Zeitschrift fiir Physik, 9, 259, 1922; G. Cario, zbid., 10, 185, 1922; 
G. Cario and J. Franck, ibid., 17, 202, 1923. 
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the temperature involved in the expression for B, being the effective 
temperature of the star. The radiant field in question does not corre- 
spond to any kind of temperature radiation, as it has virtually a 
temperature associated with each infinitely small frequency interval. 
In the ultra-violet region (kv large compared to kT) the energy 
density corresponds asymptotically to the temperature 


heel 4 


(1-7) log w) (8) 


which for very large frequencies approaches indefinitely near to 
the effective temperature T of the star. In the region of long wave- 
lengths (iy small compared to kT) we may write asymptotically 


8 2 
po) =. kW. (9) 


In this region the radiation has the virtual temperature WT, 
which is inversely proportional to the square of the distance from 
the center of the star, and for very large distances may, therefore, 
be only a minute fraction of the virtual Pepe ah: in the region 
of short wave-lengths. 

A stratum of gaseous matter in radiative equilibrium with radia- 
tion from the star, placed at the point in question, will take up a 
temperature ¢ which satisfies the inequality T>t>WT, provided, 
of course, that the state of the gas is quasi-thermal.* This gas is, 
therefore, “cold”’ relative to the radiation of the region of short 
wave-lengths, and ‘‘warm”’ compared to that of the long waves. If 
the pressure of the gas falls considerably below the critical value, 
there seems to be no reason why the temperature (which now can be 
obtained only from the equation of state) should increase appreci- 
ably, although there is now no tendency for the gas to take up a 
quasi-thermal state, even approximately. The degree of departure 
from such a state will depend essentially on the distance of the 
stratum of gas from the photospheric layer of the star. In particular, 


* C. Fabry, Journal de Physique, 6, 207, 1916, and E. A. Milne, Monthly Notices of 
the Royal Astronomical Society, 82, 368, 1922. 
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the transformation of the radiation which is absorbed in a line spec- 
trum will consist in the re-emission of another line spectrum, essen- 
tially of lower frequencies. There is apparently nothing in the trend 
of the foregoing argument which will be altered if the gas forms a 
part of the upper atmosphere of a star, and hence we are led to the 
following conclusion: In the atmosphere of a star, a closed surface 
may be drawn such that the matter outside this surface cannot be in 
a quasi-thermal state. In this part of the atmosphere emission of 
bright-line radiation will be likely to take place, the intensity de- 
pending, however, on a large number of different factors. In view 
of the rather large values of the critical pressure found in terrestrial 
experiments, it may further be concluded that the hypothetical 
bright-line emission from a quasi-thermal atmosphere or even from 
a nebula, as considered in section 2, is not realized in nature. 

Let us now consider how far actually observed bright-line 
emission can be ascribed to fluorescence phenomena of the kind dis- 
cussed above. It will then appear that the question is likely to be 
answered in the affirmative, as far as early-type stars are concerned. 
The most weighty argument in favor of such a hypothesis is afforded 
by the fact that in these stars the intensity of emission lines within 
the same spectral series is greatest for the members of long wave- 
length, while those of short wave-length most frequently show as 
absorption lines. This fact immediately reminds us of Stokes’s 
fluorescence law. Moreover, the effective temperature of these stars 
is so large that the prominence of hydrogen and helium as fluorescent 
substances does not present any difficulty at all. The extension of 
the atmospheres which is necessary for the development of fluores- 
cent radiation to the observed extent must probably be very great. 

4. Mathematical theory —The problem of determining -the state 
of a fluorescent atmosphere in radiative equilibrium is beset with 
many difficulties, and only the outlines of the theory will be dis- 
cussed, detailed applications being reserved for later papers. The 
equation of radiative transfer is still given by (1), provided £, is 
properly specified as a function of J, and the density of the gas. The 
function £, will be different for different kinds of emission processes. 
Consider the case of pure scattering. The scattering coefficient may 
be denoted by o,. The radiation scattered per unit time from a vol- 
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ume element 5V in the frequency interval dy and within an ele- 
mentary solid angle dw is 
S,6w6 V dy =5wiVdvS oll dw’ 
or 
Sp wo oi (10) 

The integral in (10) is to be extended to 4m of solid angle. The 
quantity S, is the contribution to £#, arising from pure scattering 
without change of wave-length. The coefficient o, is, according to 
ordinary electromagnetic theory, proportional to 1+cos?7 where 7 
is the angle between the direction of the scattered radiation and the 
direction of the incident radiation. It is, moreover, a function of the 
state of excitation of the substance as, for instance, no selective 
scattering of the hydrogen Balmer lines will take place if all the 
atoms reside in the normal state. In the case of purely radiative 
equilibrium (collisions between atoms having a negligible effect on 
the state of excitation) the excitation will be effected by absorption 
of radiation only, and thus ¢, will involve J, in some form or other. 

Consider next the case of spontaneous emission. Let the fre- 
quency interval v to v+dy lie within the region of a spectral line of 
mean frequency vo corresponding to the free transition i>k of the 
atom. Let a; be the probability of this particular transition and 
n; the number of atoms per unit volume in the i-state. The intensity 
of the spontaneous radiation must be equally distributed in all direc- 
tions and the analogue of S, may be written directly in the form 


h 
lave niin. fix (V) (11) 


The factor f;, has been introduced to account for the intensity 
distribution within the line. It must, according to Bohr’s frequency 
relation, satisfy the equation 


[fal )indom in (12) 


In view of the fact that f, decreases very rapidly with increasing 
values of |y—vo|, we must have, approximately, 


{ fav)dy=1 


74 


BRIGHT LINES IN STELLAR SPECTRA II 


The processes discussed thus far give for E, the expression 
B= T manfale)+Sotliaw! (13) 


As the scattering coefficient ¢, must be proportional to n; the 
functional form of £,, as regards its dependence on [,, is completely 
specified when x; is given as a function of J,. The formal solution 
of this latter problem is very simple. In fact, in a steady state, the 
number of atoms leaving a particular stationary state 7 in any given 
interval of time must be equal to the number of atoms entering this 
state in the same time interval. Thus we have 


Ni(diatdat 60 61's Gir) = MxAri+N2daxr+ 0 0 0 oe Urlrg ; 
$= Ei whe aD) 


No transition coefficient a;; occurs in this equation, and the intro- 
duction of one would have no meaning, as it would appear on both 
sides and drop out identically. We may, therefore, use the notation 


a= — 2 Qik 5 R2¢ ; et Opa Ye (15) 
=I 
and write (14) in the form 
Di Midi =O ; |e ee ee g (16) 
s=1 


r being the total number of physically distinct quantum states of the 
system. The determinant 


A= lal (17) 
is zero in virtue of the relations (15). Denoting the algebraic comple- 


ment of a; in the determinant (17) by Aj, we find the general 
solution of (16) to be 


Wi= Ny Ain $= 2,0 OF (78) 
where X,, is independent of the index 7. The transition coefficients 
a; are, according to the well-known theory of Einstein, linear func- 


t Pascal, Determinanten (Leipzig, 1900), p. 10. 
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tions of the energy density of the radiation field p(y) for the fre- 
quency which corresponds to the transition in question. Now 


pv) == STdw , (19) 


the integral being extended to 47 of solid angle. Thus ”,, by (18) 
and (19), becomes a function of the intensity of the radiation field 
for a large number of different frequency intervals distributed 
throughout the entire spectrum. 

5. Thermal equilibrium.—The foregoing theory applies to any 
kind of radiative equilibrium. The equilibrium will be said to be 
“thermal” if there is an independent balance of transition processes 
between any two arbitrarily selected states, such that 


NiQik = MAki (20) 


The restrictions involved by these relations concerning the agencies 
underlying the transition processes are perhaps better elucidated by 
the statement: In thermal equilibrium the probability that an atom 
shall complete a closed route of transitions 


tyPtg> 6 0 we Igy 
is equal to the probability that it shall complete the reverse route 
$ >In 22 ws Ph 


in the same time. As the transition probabilities are all independent, 
the statement in question takes the form 


DizigMigiz + + + + Vinit=irziy Vinig—r - + + + Gigiz (21) 


This statement may suitably be called the “principle of reversi- 
bility.” Equation (21) follows from (20) by writing down the series 
of equations 

Ni Cizig= Ni2Viziz 


N20 i213 = Ni3zVizi2 


Nin@iniz=NisVizin 
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and multiplying the corresponding members. All the n’s drop 
out, and leave (21) as a result. Equations (21) are equivalent 
to (20). 

If we knew the laws governing the transition processes, and thus 
the ratios of the different a’s, which by (18) determine the equilibrium 
state, it would be possible to specify the state of the system in ther- 
mal equilibrium on the basis of the foregoing theory. The principle 
of reversibility alone is not sufficient for this purpose, and addi- 
tional hypotheses of a mechanical and electrodynamical kind are 
necessary.’ In the present state of science it seems, however, more 
satisfactory to appeal to the general statistical theory of thermal 
equilibrium in which an explicit reference to the transition coeff- 
cients is avoided. Taking thus the ratios »,/n, for granted, we find 
it possible, by (20), to determine new relations between the transi- 
tion coefficients. The result of this procedure for the present case is 
well known. By Boltzmann’s principle 


Xj—Xk 


ni/Me=Ppi/pre  *T (22) 


where 7; is the weight and x; the energy of the z-state, and pz, x are 
the same quantities for the k-state. For transitions between quan- 
tized states the transition coefficients may be shown to satisfy the 
relations 


Cin= ain(I+ pr) ; Xi> Xk (23) 
aut QikPy (24) 


where a;, is the probability of spontaneous transition 7>k, while 
p, is the energy density of radiation for the frequency 


v= (xi-—xx)/h 


1 Cf. A. S. Eddington, Philosophical Magazine, 50, 803, 1925, where this question is 
discussed in detail. It appears that the distribution of energy with frequency (Planck’s 
formula) may be obtained on the basis of the reversibility principle, provided Wien’s 
displacement law, the /y-relation, and the linear relationship between the transition 
coefficients and the energy density of radiation for the particular frequency in question 
are taken for granted. Some approach toward a derivation of Boltzmann’s formula for 
the distribution of atoms over the different quantum states can also be made on the 
same basis. 
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divided by 8rhv3c-3. The relations (23) and (24) are generally valid, 
whether the system is in thermal equilibrium or not. 

6. Equilibrium in reduced thermal radiation.—A few simple 
applications of the foregoing theory for the case that the energy 
density of radiation is given by (7) will now be shown. The simplest 
case, which is not trivial, is offered by atoms possessing three pos- 
sible states only, and this gives us a first idea about the nature of the 
distribution law in a fluorescent atmosphere. We assume the states 
to be enumerated in such a way that x:<x.<x;. The sub-determi- 
nants entering (18) may be taken to be 


Ay= o1(G31-+ 32) + 23 Q31 (25) 
An= y2( 3x +433) + x3 32 (26) 
A31 = 413(dor+2;) + Gre 23 (27) 


From these expressions we obtain 
= (031A 3: a a13A =) = dyAn a Q23A 21 =yA2—dnAn=A 


where 
A = G13 Oz2 dar — Ar2 O23 31 (28) 


Using expressions (23), (24), and (7), we find 


12023031 = VY A13032021 , (29) 


where 
Xp eX 


=o ia Fix=1—(1-W)e | kT 


Z P32P x ; 


When W is less than unity the quantity y is positive and 
less than unity, and equation (29) shows that it is easier for 
the atom to complete the circuit over all states in the direction 
I>3>2>1 (one absorption-act and two emissions) than in the 
direction 1231 (two absorptions and one emission). The 
effect of the atoms on the stream of radiation will, therefore, be to 
create one absorption line, corresponding to the transition 1>3, and 
two emission lines, corresponding to the transitions 3>2, 2>1. This 
result illustrates clearly the general process of generation of emis- 
sion lines by fluorescence. 
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While the particular values of the spontaneous transition coeffi- 
cients do not affect the law of distribution of atoms over the differ- 
ent quantum states for the case of thermodynamic equilibrium, they 
will do so for any other kind of equilibrium. As an extreme example 
consider the case when the 2-state is “metastable,” i.e., dr2=d21=0. 
We then obtain from (18) and (25) and (26) 


X3—X2 

Xg—X ae ee 

, oe I— a Wye - 
iS soa (30) 


1—(1-W)e ‘7 


This expression shows that the excitation to the metastable state 
may be approximately the same as in the case of thermodynamic 
equilibrium (W =1) at the temperature 7, even if W is very small. 
This result is of considerable interest for the theory of gaseous 
nebulae.* 

The theory of radiative equilibrium developed in section 4 
is valid even if ionization takes place. As a first approximation we 
shall consider the case of a single element, and take account of one 
quantum state only. Let the index 1 refer to the atom in an un- 
ionized state and 2 to the ionized state. The ionization formula 
takes the form 


N2/ Ny = Arx2/ Gar (31) 


The transition coefficients a,, and a,,; can be calculated as soon as the 
atomic absorption coefficient x, is known as well as the velocity 
distribution of the free electrons. To save repetition from earlier 
work? I give directly the expressions for the a’s 


an= if xc p(v)dv/ hy (2) 
ms — 27m Ne oe Pahoa (33) 
aI hm2c? : P » dy 


t Nature, 114, 859, 1924. 
2 Cf. especially E. A. Milne, Philosophical Magazine, 47, 209, 1924. 
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where 7,/°(v)dv is the number of free electrons per unit volume in 
the velocity interval v to v+dv and o;, the a priori probability of the 
atom with the electron bound relative to the a priori probability of 
the atom when the electron is missing. 

As an illustration consider the explicit ionization formula for the 
case that the velocities of the electrons are distributed according to 
Maxwell’s law. The energy density of radiation is given by (7), 
and, as an approximation, we assume that «, is zero in the interval 
y=o to y=vm and proportional to v~? for higher frequencies. Re- 
ducing expressions (32) and (33) according to these assumptions, 
we find 


hv 
nne WT (4rmkT,)! log (:—e-gF (a) 
Ny a th O12 y 
where 
io.) hy —hy 
Ww m—» fy dp 
in += eee pr (35) 
7 ehT — I 


and where 7, is the temperature of the electrons. Formula (34) 
should be of value in any discussion of the ionization of a gaseous 
nebula excited by radiation from a distant stat. The special assump- 
tions introduced concerning the velocity distribution of the elec- 
trons and the functional form of the absorption coefficient cannot 
have influenced the result very much. 

7. Bright lines in spectra of the late type-—Turning to the stars 
of late type, we find that the problem of accounting for bright-line 
radiation assumes a much more complicated aspect. The surprising 
thing is not so much the appearance of bright lines as the fact that 
lines requiring such strong excitation in order to appear as the 
hydrogen lines should be so amply represented in the spectra of these 
low-temperature stars. The origin of this excitation appears to con- 
stitute the essential problem at issue, the solution of which must be 
known before any suggestion about the mechanism of the production 
of bright lines can be ventured. 

The hydrogen lines appear as strong absorption lines in early- 
type stars, and decrease in intensity all the way through the spectral 
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sequence from class A to classes F, G, and K. There is a remarkable 
difference between giants and dwarf stars in that giants are likely 
to exhibit hydrogen absorption lines much more strongly than dwarfs 
of the same spectral type. This peculiarity is particularly prominent 
for late-type stars, many giant K and M stars exhibiting prominent 
absorption lines while dwarf stars of the same types generally show 
very faint hydrogen absorption. 

The general decrease in intensity of hydrogen absorption lines in 
passing from spectra of early to those of late type is satisfactorily 
explained by ordinary thermodynamic theory. The different be- 
havior of giants and dwarfs may be due partly to different thickness 
of atmospheres, and partly to a real difference in absolute concen- 
tration of hydrogen atoms in the stars of the two branches. Such a 
difference is to be expected if, in the stars, heavy elements are built 
up from hydrogen, provided, of course, that the evolutionary course 
of a star is in the direction 


Meiant >A>B>A> Mawart 


as is usually assumed. 

When it is a question of accounting for the presence of hydrogen 
lines in giant M stars, thermodynamic theory seems to break down. 
This theory would predict that at a temperature of 2000° K. only one 
atom out of every 10% would be able to absorb or emit the Balmer 
lines. This proportion is so small that the thickness of atmosphere 
required to produce detectable lines, for the probable values of the 
mean density of such stars and of the absorption coefficient for the 
lines in question, appears to be much larger than the dimensions of 
the stars. This result seemingly points to the conclusion that the 
excitation of hydrogen atoms, especially in the atmospheres of long- 
period variable stars, is not connected in a simple manner with the 
mean temperature of the photospheric layers. From the appear- 
ance of lines of elements other than hydrogen, little can be con- 
cluded, either for or against this inference. The lines in question 
are mostly such as appear in consequence of so small an excitation 
that temperature alone might account for the main part of this 
excitation, and any differentiating agency would be sufficient to 
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make them visible. They cannot, therefore, be invoked as evidence 
when it comes to a distinction between different modes of excitation. 

Dropping the hypothesis that bright hydrogen lines in M stars 
are produced by pure fluorescence phenomena in a quiescent atmos- 
phere, as assumed to be the case for early-type stars, we see that the 
discussion in section 2 leaves only two possibilities: (1) We are wit- 
nessing the effect of electric discharges, as would be the case if the 
atmospheres were the seat of emission of penetrating £ or a particles; 
or (2) the atmospheres are the seat of violent and local variations 
in temperature. 

We cannot decide definitely which of these possibilities is the 
more important. The fact that the lines appear to be rather narrow 
and to possess a peculiar kind of structure’ suggests that the part 
of the atmosphere from which they are emitted is in a relatively 
steady state and not subject to violent internal motion changing 
rapidly with the time, as would be expected if (2) were the im- 
portant factor. A closer study of the problem in hand, from the 
observational as well as the theoretical side, might lead to interesting 
consequences regarding the state of the stellar atmospheres and to a 
better understanding of long-period variation in general. 

Any complete theory of bright lines in late-type stars must 
account for the abnormal distribution of intensity among the lines 
of the Balmer series. This question appears to involve complications, 
and no suggestion as to the solution will be advanced here. It may 
be mentioned, however, that this distribution of intensity differs 
widely from that to be expected on any approximate application of 
formulae based on the equations corresponding to temperature 
equilibrium. The relative intensities seem, therefore, to afford an 
independent argument in support of the conclusions that any ex- 
planation of these phenomena based on the ordinary theory of 
radiative equilibrium is bound to be inadequate, and that conse- 
quently we are induced to consider alternative possibilities, as has 
tentatively been done above. 
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™W. W. Campbell, Astrophysical Journal, 9, 31, 1899. 
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A SPIRAL NEBULA AS A STELLAR SYSTEM 
MESSIER 33 


By EDWIN HUBBLE 


ABSTRACT 


The spiral nebula Messier 33——This object is the fainter of the two naked-eye 
spirals. Its great angular diameter and high degree of resolution, suggesting that it is 
one of the nearest objects of its kind, offer exceptional opportunities for detailed in- 
vestigation. 

Resolution.—Critical tests made with the roo-inch reflector, the highest resolving- 
power available, show no difference between the photographic images of the so-called 
condensations in Messier 33 and the images of ordinary galactic stars. Moreover, the 
application of ordinary methods of stellar research leads to consistent results, similar 
to those found in other systems of stars. 

Variable stars—F orty-two variable stars have been found in the spiral, in addition 
to the three previously known; thirty-five of these are typical Cepheids with periods 
ranging from thirteen to seventy days, and photographic magnitudes at maxima, from 
18.0 to 19.1. Of the remaining ten variables, four are irregular, one is probably an 
eclipsing binary, while the types of five are as yet undetermined. 

Novae.—Two novae have been observed, both apparently on the declining branch 
of their light curves. The maximum observed photographic magnitudes, 17.25 and 17.9, 
respectively, were brighter than that attained by any of the Cepheids. 

Nebulae—Several patches of diffuse emission nebulosity with blue stars involved 
are found in the arms of the spiral. The relation between the extent of the nebulosity 
and the magnitudes of the stars is similar to that in the galactic system. It is inferred 
that the spectral types of the involved stars are Oes5 and Bo. 

Star colors—A comparison of photovisual with shorter direct exposures indicates 
that the brightest stars in the nebula are white or blue. No accurate calibration of the 
photovisual plates has been possible, but an approximate reduction curve was con- 
structed from well-determined photographic magnitudes, corrected by color-indices 
corresponding to known or probable spectral types of a few exceptional stars. 

Star counts —The numbers of stars in successive intervals of photographic magni- 
tude down to 19.2 have been counted over an area containing about one-fifth of all of 
the stars in the nebula. Stars begin to appear in the nebula at about 15.5. The form of 
the luminosity function is similar to the bright end of Kapteyn’s function for stars in 
the vicinity of the sun. 

Distance-—The period-luminosity relation is conspicuous among the thirty-five 
Cepheids and indicates a distance about 8.1 times that of the small Magellanic Cloud. 
Using Shapley’s value for the latter, the distance of the spiral is about 263,000 parsecs. 
m—M = 22.1. The order of this distance is supported by the independent evidence of 
the novae, the blue giants involved in diffuse emission nebulosity, and the form of the 
luminosity function for the brighter stars. 

Dimensions.—The linear scale corresponding to this distance is 1’’=1.27 parsecs. 
The major diameter of the spiral is about 4600 parsecs, and the minor diameter probably 
a tenth of this amount. The total absolute magnitude is about —15.1. The dimensions 
and the luminosity are comparable with those for the Magellanic Clouds. 


The nature of nebulae and their place in the scheme of the uni- 
verse have been favorite subjects of controversy since the very dawn 
of telescopic observations. In these later days, when the non-galactic 
nebulae have been clearly differentiated from the diffuse and the 
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planetary, the discussion has concentrated around the spectacular 
forms of the spirals. Some believe them to be subordinate members 
of the galactic system, and hence moderately small and relatively 
near; others consider them as comparable with the galactic system 
itseli—island universes, scattered through the remote depths of 
space. The crucial point at issue is the order of their distance, and 
arguments concerning this quantity have been largely speculative. 

The present contribution to the subject consists of observational 
data concerning the particular spiral, Messier 33. The data lead toa 
conception of the object as an isolated system of stars and nebulae, 
lying far outside the limits of the galactic system. To this extent 
the evidence favors the island-universe hypothesis, but, in respect 
to dimensions and luminosity, the spiral is more closely comparable 
with the Magellanic Clouds than with the galactic system itself. 

The investigations described followed naturally upon the partial 
resolution of Messier 33 into swarms of actual stars, and ordinary 
methods of stellar research were employed throughout. The dis- 
covery of Cepheid variables' furnished a probably reliable criterion 
of absolute magnitude, and the order of the resulting distance was 
confirmed by other independent criteria. The same procedure, when 
applied to another spiral, Messier 31, led to similarly consistent re- 
sults, strengthened in this case by the absolute-magnitude criterion 
for the numerous novae. The Andromeda spiral is the subject of a 
second paper, now in preparation, and the present discussion may be 
followed with this in mind. 


RESOLUTION OF MESSIER 33 


The familiar condensations in the arms of spirals have been con- 
stantly interpreted, both casually and analytically, as stars in the 
process of formation. Messier 33 is especially rich in condensations, 
and its great angular dimensions, exceeded only by those of Messier 
31, suggest that it is one of the nearest of all the spirals. For these 
reasons, Messier 33 affords the best opportunity for investigating the 
optical, or rather the photographic, nature of the condensations. 


*A preliminary notice of the discovery of Cepheid variables will be found in 
Publications of the American Astronomical Society (33d meeting), Jan., 1925; reprinted 
in Observatory, 48, 139, 1925. 
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G. W. Ritchey, basing his judgment on the best material hitherto 
available, his own splendid photographs made with the 60-inch 
reflector, described them as soft, starlike condensations and desig- 
nated them by the term “nebulous stars.’”? 

The nebulous character, however, was inferred from the appear- 
ance of the images on long exposures made with fast reflectors cen- 
tered on the nucleus of the spiral. The area of best definition was 
restricted to the central region where a considerable amount of un- 
resolved nebulosity registered as a dense and fairly continuous back- 
ground. In the outer regions of the nebula, where the background 
was relatively light, the various aberrations spread the images over 
considerable areas. Such conditions are not suitable for determining 
the character of the images. Considerations of this nature, sup- 
ported by evidence from slitless spectrograms obtained with the 36- 
inch reflector at the Lick Observatory, led Knut Lundmark to the 
conclusion that the phenomena could be accounted for by assuming 
the spiral to consist of great numbers of ordinary stars with clusters 
of stars and some nebular material.’ 


t Mt. Wilson Contr., No. 47; Astrophysical Journal, 32, 26, 1910. Ritchey states: 
“All of these [spirals, including Messier 33] contain great numbers of soft starlike 
condensations which I shall call nebulous stars. They are probably stars in the process 
of formation.” In Messier 33 he counted some 2400 “nebulous stars.”’ This recalls the 
first description of the condensations in Messier 33 by Isaac Roberts based upon photo- 
graphs made with his 20-inch reflector: “They are like nebulous stars in the midst of 
fainter nebulosity”; and again: “hundreds of stars having each a very small nucleus 
surrounded by fainter nebulosity” (Photographs of Stars, Star Clusters and Nebulae, 2, 
66, 1899). 

2 Publications of the Astronomical Society of the Pacific, 33, 324, 1921. The state- 
ments are repeated in somewhat stronger terms in Monthly Notices, 85, 890, 1925. It is, 
however, difficult to understand how the stellar nature of such faint light-sources can 
be “proved,” as Lundmark claims, from spectrograms. To be assigned with certainty 
to the nebula, the objects must be of the order of the sixteenth photographic magnitude 
or fainter, and even prolonged exposures can do little more than distinguish between 
emission and continuous spectra. Lundmark found the latter and estimated them as 
approximately of solar type. This, of course, is just what is found for the smal] non- 
galactic nebulae scattered over the sky, and they, too, have often been called “nebulous 
stars.’’ Moreover, there is considerable evidence, presented in the present paper, in- 
dicating that the brighter stars in Messier 33 are almost invariably white or blue. The 
discussion over the condensations in Messier 33, however, concerns the angular diame- 
ters of the small images, and, since they give continuous spectra, the spectrograms can 
have no advantage over direct photography, unless the ratio of camera to collimator 
is much larger than that ordinarily employed for faint objects. 
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The subject has been reinvestigated with the highest resolving- 
power available—the full aperture of the 100-inch reflector working 
under exceptionally fine conditions of mirror surface and seeing. 
The plates were centered on the outer regions of the arms as well as 
on the nucleus, and the exposures were short, not exceeding forty 
minutes, for the double purpose of avoiding the dense background 
of nebulosity and possible changes in observing conditions. On 
several plates, equal exposures were made to the nebula and to the 
neighboring Selected Area No. 45. This was primarily for the pur- 
pose of deriving magnitudes, but it also furnished an opportunity 
for comparing the images in the two regions. 

A study of the plates clearly establishes the stellar appearance of 
the images of the condensations. They are as small and as sharp as 
those of ordinary stars of the same magnitude. The two most suc- 
cessful plates,t each of thirty minutes’ exposure, centered on regions 
seven minutes of arc south and south-preceding the nucleus, show 
images with angular diameters smaller than any previously obtained 
on any astronomical photograph. The means of twenty of the 
smallest images are about 0755 and 076, respectively. An enlarge- 
ment from the central region of one of these photographs is shown 
in Plate VI. An equal area in Selected Area No. 45, photographed 
on the same plate with the same exposure time, shows about sixty 
stars; hence most of the images in the illustration can definitely be 
assigned to the nebula. 

Occasional patches, which show appreciable dimensions on plates 
made with smaller instruments, the 1oo-inch resolved into groups of 
stars, a few of which are surrounded by what appears to be true un- 
resolved nebulosity. The knots listed as N.G.C. 588, 592, and 604 
are conspicuous examples of this structure, and the last has long 
been recognized as such. The nature of the surrounding nebulosities 
has been inferred from the emission character of their spectra. 

These results, it may be emphasized, were obtained with the 


tSeed go plates were used in order to shorten the exposures and hence avoid 
changing conditions. It is probable that somewhat smaller images may occasionally be 
obtained by using plates having a finer grain. With longer exposures, the images of the 
condensations build up as those of ordinary stars even where both are superposed on an 
unresolved background. The sharper images of the short exposures, however, offer the 
more critical test. There are no indications whatsoever of penumbra appearing on long 
exposures, such as were described by Roberts and suggested by Ritchey. 
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highest resolving-power at present available. There is no longer any 
reason for retaining the term “nebulous stars” in referring to the 
condensations in Messier 33. They may be considered as actual stars 
and fit subjects for the ordinary methods of stellar research until 
evidence to the contrary is forthcoming. This alone is an indication 
of immense distance, for no isolated system is known in which the 
brightest stars are dwarfs. 


VARIABLE STARS IN MESSIER 33 


In 1922 J. C. Duncan? announced the discovery of three variable 
stars within the area covered by Messier 33. His data were insufli- 
cient for determining the nature of the light-curves, and he refrained 
from suggesting any connection between the variables and the 
nebula. Shortly afterward, M. Wolf,3 at Heidelberg, independently 
discovered the variability of the brightest of these stars. 

The Mount Wilson collection now contains about eighty photo- 
graphs of Messier 33. A survey of these with the blink-comparator 
has led to the discovery of forty-two additional variables, making a 
total of forty-five, besides two novae, within the area covered by the 
nebula. The similar concentrations of variables in Messier 31, the 
Magellanic Clouds, N.G.C. 6822, and in the globular star clusters, 
together with the scarcity of such faint variables in other regions of 
the sky,’ especially in the high galactic latitudes of the spirals, 

It is still uncertain how far the resolution can be carried. The stars become more 
numerous with decreasing luminosity and, in the central region at least, appear to 
merge smoothly into the unresolved background. The luminosity function for the 
three brightest magnitudes agrees very closely with Kapteyn’s luminosity function for 
stars in the vicinity of the sun, and the total luminosity of the nebulae is completely 
accounted for on the assumption that the similarity between the two functions extends 
throughout the entire range of magnitude. In Messier 31, however, the large central 


region gives no indication of resolution, although portions of the outer regions of the 
arms are as clearly resolved as those in Messier 33. 


2 Publications of the Astronomical Society of the Pacific, 34, 290, 1922. 


3 Astronomische Nachrichten, 217, 476, 1923. Duncan’s paper was published in 
October, 1922. Wolf’s paper was dated December 20, 1922, and published January rs, 
1923. He does not mention Duncan’s earlier announcement and hence, while there is 
no question of priority, Wolf’s discovery may be accepted as independent. 


4 For ten fields well distributed in galactic latitude, other than those of the systems 
mentioned, there are in the Mount Wilson collection six or more plates showing stars 
fainter than 19.0 photographic magnitude. An examination of these with the blink- 
comparator has resulted in the detection of two doubtful cases of faint variables. 
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sufficiently establish the variables under discussion as connected 
with the nebula itself. 

The stars are so closely crowded on photographs of the nebula 
that identification of the variables by the usual method of measures 
referred to the nucleus is unsatisfactory. They have, instead, been 
marked on the various plates and identified by numbers correspond- 
ing to those used in the text and tables.* Variables Nos. 1, 2, and 3 are 
those discovered by Duncan and bear the numbers assigned by him. 

Series of comparison stars have been selected for each of the 
variables, and their photographic magnitudes have been derived 
from comparisons with Selected Area No. 45, which is conveniently 
situated some 30’ preceding the nucleus of the nebula. Twelve 
comparisons made with the 1oo-inch reflector were used in determin- 
ing the scale and the zero-point. The exposures ranged from 20 to 
40 minutes on Seed 30 plates, and were centered on various regions 
of the nebula in order to reduce uncertainties in the distance cor- 
rections. Two additional comparisons with Selected Area No. 21 
furnished a satisfactory check.? The adopted magnitudes are based 
on those of the Selected Area down to about 18.5, but beyond this 
point they are extrapolations. The measures are very consistent, 
the average deviation of individual plates from the mean being less 
than o.o5 mag., and the greatest range for an individual star (on 
five plates), less than o.4 mag. For stars in the central region fainter 
than about 19.0 the magnitudes are not reliable because of the back- 
ground of unresolved nebulosity. In the other regions the measures 
are consistent to about 19.2, but beyond this they are, in general, 
unreliable.’ 

t The variables appear on the following plates: Plate IV, all variables excepting 


Nos. 12, 13, 20, 21, 22, 37; Plate V, variables Nos. 5, 9, 10, 11, 12, 13, 18, 20, 21, 22, 
23, 24, 25, 37, 40; Plate VI, variables Nos. 14, 29, 30, 31, 32, 33, 41, 42, 43, 44, 45; 
and Plate VII, variables Nos. 11, 12, 17, 18, 20, 21, 23, 27, 20, 37. 

2 In addition to these long exposures, ten comparisons with Selected Area No. 45 
were made with the 60-inch, using exposures ranging from two to fifteen minutes, for 
the purpose of deriving magnitudes for the stars brighter than the seventeenth magni- 
tude. Mr. Seares kindly furnished unpublished magnitudes on the international scale 
for the stars in the Selected Areas. 


3 For a discussion of the uncertainties in extrapolated magnitudes based on meas- 
ures with scale-plates of long exposures with the too-inch reflector, see Mt. Wilson 
Conir., No. 304; Astrophysical Journal, 62, 409, 1926. 
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PLATE IV 


Negative Rirrs. Exposure 8.5 hours, Seed 23 plate, 60-inch reflector, August 5, 6, 7, 
toro. Scale 1 mm=14"2. Nova No. 2 (1925) and all variables excepting Nos. 12, 13, 20, 21, 
22, and 37 are marked. 
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Negative H 584. Exposure 90 minutes, Seed 30 plate, 1oo-inch reflector, July 26, 1925. Scale 
1 mm=3*8. Nova No. 1 (191g) and variables Nos. 5, 9, 10, 11, 12, 13, 18, 20, 21, 22, 23, 24, 25, 37, 
and 40 are marked. The star marked P.M., pg. mag. 18.25, is moving about 10” per century in the 
direction of the arrow. 
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PLATE VI 


Negative H485. Exposure 30 minutes, Seed 30 plate, roo-inch reflector, November 26, 1925, 
centered about 7’ south preceding the nucleus of Messier 33. Scale, 1 mm=4"3. Variables Nos. 14, 209, 
30, 31, 32, 33, 41, 42, 43, 44, and 45 are marked. The mean diameter of the smallest star images is 
approximately 0"5. 
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Magnitudes of variables on individual plates were estimated to 
the nearest tenth by reference to the sequences of comparison stars, 
the results being listed in Table I. A few of the stars, No. 21 in par- 
ticular, are so involved with the unresolved nebulosity that the 
magnitudes have little or no meaning except at maximum. For most 
of the stars, however, it is believed that the data are sufficient to 
give fair values for the periods and the maximum magnitudes and 
some indications as to the general form of the light-curves. Magni- 
tudes at minima, and hence the amplitudes of variation, are ex- 
tremely uncertain. There are, in fact, several indications that the 
scale flattens out beyond about 19.0, and that the fainter magni- 
tudes become increasingly too bright. 

An examination of the data in Table I has established the nature 
of the variation of forty of the stars. Thirty-five are Cepheids, four 
are irregular, and one is very probably of an eclipsing type. Satis- 
factory solutions have not been found for the remaining five, but 
most of them are probably Cepheids. 


CEPHEID VARIABLES 


The criteria used in determining Cepheid variation were: periods 
between two and one hundred days, amplitudes less than 2 mag., 
rapid brightening and slower fading, and no conspicuous secondary 
maxima. The limits for the first two of these are arbitrary, and, in- 
deed, are more generous than necessary for the data under discus- 
sion. The maximum amplitude encountered is 1.2 mag., and the 
periods range from thirteen to seventy days.’ The magnitudes at 
maximum range from 18.0 to 19.1. Minimum, and hence median, 
magnitudes are in general too uncertain for statistical discussion, 
but, although in several cases the minima are below the limits of the 
observations, there is no reason to suppose that any of the ampli- 
tudes approach the limiting value mentioned above. 

In order to emphasize their Cepheid characteristics, several of 
the better-determined normal curves are illustrated in Figure 1. 


t That some or all of the periods might be very close to one day, or some exact 
submultiple, was fully realized, and sufficient plates were obtained at different hour 
angles on the same night to eliminate this possibility. Each of the Cepheids was fol- 
lowed through several cycles after the period had been determined, and it is believed 
that the adopted elements are reliable. - 
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TABLE I 
PHOTOGRAPHIC MAGNITUDES OF VARIABLES IN MESSIER 33 


CrepHerpst 
UAL- 
PLATE* Ss J.D.t 
3 4 5 7 9 0 II 
F 18560.6 18.6 19.3 IQ.2 19.3 19.3 19.1 19.15 
E 18890 .6 18.3 10.3 19o.4+] 18.7 18.95 I9g.0 19.15 
is 22197 .6 19.0 19.3 19.0 19.2 19.0 18.9 18.8 
F 2307.4 18.45 19.3+] 19.3+] 109.2 18.8 IQ.15 19.2+ 
ie 2311.4 18.45 Ig.0 19.3+] 19.1 IQ.2 IQ.2 18.95 
G 2314.4 18.7 18.1 18.8 18.75 19.3 19.2 18.75 
P 2347 .8 18.25 18.7 ro. 18.9 18.95 18.9 19.2 
G 2550.6 19.0 19.15 I9.3+] 10.3 18.7 18.8 18.85 
Le 2611.0 19.0 VOwBe |) “KOs Sae |! | TSG a iisrece cre stavall = cteonstete nl] eeteetertns 
F 2612.5 18.95 190.3 I9.3+| 18.8 19.0 18.65 19.15 
P 3060.4; Weeanaens C8 2B) Naaweteenlaseareet 19.0 19.15 18.9+ 
F 2604.3 18.95 TO<S-t-| - DSSS haaniyo 19.2+] 18.5 18.9 
G 2698.3 19.1 18,2 19.3 19.2 19.3 3.05° lures 
G 2903.2 18.9 19.3 I9.3+|] 18.85 19.3 18.9 18.8 
G 2007 .2 18.9 19.15 19.4+| 18.85 19.3 18.05 19.0 
F 2066.5 26.2 [gus Daelece te reea r9o.1+] 18.75 18.65 18.95 
G 3000.4 19.1 18.1 18.85 19.2 19.3 IQ.15 19.3 
G 3319.6 19.0 19.15 19.3 19.3 19.3 18.7 18.8 
G 3322.1 19.0 190.4 18.85 19.1 50.3 18.95 18.9 
G 3344.5 18.9 19.2+| 19.3+] 19.15 18.7 19.1 18.9 
E 4004.7 190.3 19.4 I9o.3+] 19.3 18.9 18.8 19.t 
G 4024.6 18.8 19.3 19.1 IQ.15 18.65 19.0 18.9 
G 4025.6 18.9 19.3 19.2 19.2 18.75 18.9 18.9 
F 4026.6 18.85 19.3 ig.1+| 19.3 18.9 18.05 18.95 
F 4027.6 18.9 19.3 19.I+] 19.2+] 19.0+] 18.95 18.9+ 
G 4030.6 19.1 19.2+] 1r9.1+] 10.3 19.2 19.1 19.0 
G 4031.6 19.1 19.4 19.3+] 109.2 19.3 19.0 19.15 
F 4033 .6 19.0 19.4+] 19.4+] 109.2 19.3 Ig.0 19.15 
Rs 4049.6 19.1 THO beans ets TSEiOe lercevsecsies leer oreer 18.85 
P 4050.6 19.2 19.2 19.1 FOLE. Leeee oes 19.15 18.9 
F 4054.6 18.35 19.3+| 18.0 19.1 19.1I+| 19.1 19.0 
F 4055.6 18.45 19.25 19.05 19.3 19 19.15 19.1 
F 4050.5 18.4 19.3 TO:E--]) TOs 2)" | oarameere Ig.I 19.0 
F 4058.5 18.45 19.25 TOT] LScOrellcopccetell emitters Aehewine 7 
E 4059.5 18.45 19.15 19.25 19.2 19.0 19.15 19.15 
P 4085.5 19.3 19.5 19.2+] 19.2 18.95 18.7 19.2+ 
- 4089.5 19.2 19.3 I9.1+| 19.3+] 19.0+] 18.85 IQ.I+ 
F 4090.5 19.3 I9.0 19.3+] 19.3+] 10.3 18.85 18 
F 4002.5 19.2 18.4 19.1+| 18.8+] 19.3 18.05 18.85 
F 4108.4 18.6 19.4 19.3 19.3 19.1 I9.0 19.2 
F 4109.4 18.65 19.5 19.2 19.2 I9.4+| 19.0 19.3+ 
F 4113.4 18.7 19.3 Ig.I+| 19.3 I9.0+| 19.15 19.15 
E 4115.4 18.75 19.35 19.3 19.2 19.3 19.15 19.0 
E 4116.3 19.0 19.3 19.3 19.3 SOS Laneue eae 18.75 
F 4147.3 18.8 18.45 I9.3+| 18.6 19.2 18.6 19.1 
G 4149.3 18.8 18.6 19.2+] 18.7 19.2 18.6 I9.0+ 
F 4171.3 19.1 19.15 19.2 19.2 19.3 18.05 19.0 
G 4348.6 18.3 19.4 19.2 19.2 18.9 18.95 19.1 
F 4351.6 18.4 19.4 10.2 19.2 19.0 18.7 18.9 
E 4357.6 18.6 19.5 19.1 19.2 19.3 18.55 19.0 
P 4358.6 TBUO8). son oes EB iOs, lsvesfreteislos cece pel cases | mameentate : 
G 4377.6 19.3 19.1 19.1 19.15 19.3 18.95 18.8 
G 4378 .6 t0..4 19.25 19.2 19.2 19.3 18.95 18.9 
G 4376.0 nn sees VOSA] aioe eles he seca ete tesllefecataccdetele'] weit 18.9 
E 4384.6 19.2 19.4 19.4 18.9 18.7 19.0 19.25 
E 4387.6 18.45 19.5 18.8 18.6 18.9 19.1 19.2 
Er 4405.5 18.85 19.1 19.3 19.2 18.75 19.05 19.0 
G 4414.5 19.1 19.35 19.25 18.6 19.4 18.85 19.2+ 


ar ee ee ee eee 
* The prefixed letters refer to the observers: R=Ritchey, D=Duncan, P =Pease, A and B =Huma- 
son, M=van Maanen, S and H=Hubble. 
t Add 2,400,000 to the first three dates, and 2,420,000 to the others. The decimal indicates Pacific 
Mean Time. In order to conform to the change to Civil Day Time, 0.5 must be added to each date. 


t A plus sign following a magnitude indicates that the variable was invisible, but certainly fainter than 
the value indicated. 
go 
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TABLE I—Continued 


Q CEPHEIDS 

UAL- 

PLATE SS Ew 

12 16 17 18 19 | 20 22 

F 18560.6 I9.0+] 19.0 18.95 18.8 18.1 LI ll esas ass 
E 18890 .6 I9.0 18.8 19.2 18.55 18.2 18.55 19.4 
ny SATOV MO. basses nee 18.7 19.15 18.75 DS LOM cacti calee center Fi 
F 2307.4 I9.2+] 109.2 19.4+] 10.05 18.7 18.65 19.1 
P 2311.4 19.0 19.2 18.75 19.05 18.7 18.75 19.3 
G 2314.4 18.6 I9.3+| 18.95 19.05 18.7 18.9 19.2+ 
P 2347.8 I9.2+] 19.2 19.4+] 19.05 18.7 he Ey |e 
G 2EEG. ON |uule se os 19.1 19.4 19.0 18.1 19.1+ 
P Me IN et. Bh cnics ies Nesta aewh lave cate TB ea Leacdes yee eetk i 
F 2612.5 19.2-+-] 19.3 19.4 18.95 TB. Bn likeness meine < : 
P SOGO Al Wet edis wosemaie 19.2+| 18.7 NSCS lcresasinieh leOeiwie oss 
F 2694.3 I9g.2+| 19.2+] 1090.2+] 18.7 Ae ae ee 18.85 
G 2698.3 I9g.2+] 19.3 19.4+] 18.55 18.6 18.4 19.0 
G 2903 .2 18.9 19.3 19.4+| 18.65 18.8 18.9 I9.I+ 
G 2907.2 19.3+] 10.3 19.4 18.38 18.7 18.85 19.3+ 
F 2066.5 18.8 18.75 19.1 18.7 18.85 18.9 19.2+ 
G 3000.4 19.4 18.8 19.4 18.7 18.5 19.0 19.0 
G 3319.6 19.4 19.1 19.2 18.75 18.4 19.0 19.3+ 
G 3322.1 19.3 19.3 19.4 18.8 18.4 18.9 19.4 
G 3344.5 19.4 19.4 19.4 18.5 18.8 18.3 19.4 
E 4004.7 18.6 19.3 19.4+| 18.9 18.7 19.0 18.9 
G 4024.6 18.6 IQ.2 19.4 18.5 18.0 18.2 18.95 
G 4025.6 18.6 19.2 19.4+] 18.55 18.2 18.3 18.9 
F 4076.6 13. Jo5055, 19.2+] 19.4+] 18.6 FSi Tal lnicscou yb law areas 
F 4027 .6 18.75 19.0+] 19.2+] 18.7 rh Pe, a Meer Se | A 
G 4030.6 18.9 19.1+| 19.4+| 18.75 18.35 TS-6; ico ctw O 
G 4031.6 19.1 19.2 19.4+] 18.75 18.35 18.6 19.2 
F 4033.6 Ig.1 18.6 19.4+| 18 18.4 18.65 19.3 
P MOAOEO Wives ea xelexsne cas TOSS cs eae wes ESOS iy tts Wate hanes ote A 
iS BOSDWO1 TE tet els 18.7 EQ cAI aceiisie seers F558) [nasiversiers [oeieerate ' 
F 4054.6 I9.3+] 19.05 19.4+] 18.9 18.7 18.g+] 19.3 
F AOSENO! i cate he 19.1 I9o.4+| 18.75 18.8 18.9+] 19.3 
F BOSONS heat fesc.» 19.1 19.4+] 18.5 YS 7 [Saces ce 19.3 
F 4058.5 TOs fed pe eee 18.75 18.45 ES irre col eta ate 
E 4059.5 19.4 19.2 18.75 18.55 18.75 18.6 19.35 
P 4085.5 19.1+| 18.8 19.15 19.0 18.25 19.0 19.3+ 
P 4089.5 18.9 I9.0+] 2O.I+]........ BS Seabee a cure hates eres 
F 4090.5 18.6 19.1 19.3 I9.55 18.3 19.1 18.9 
F rie a eee 19.2+| 19.3+] 18.5 18.45 19.1 19.05 
F 4108.4 19.3+] 19.05 19.0 19.0 18.7 18.65 19.2+ 
F 4109.4 19.3 19.2 19.15 18.9 18.7 18.85 19.4 
F ray te ee Rene 19.2+| 1I0.4+|......2+ TO. SL nove cee ulster. oe 
E 4115.4 18.95 19.5 I9.4+] 19.0 18.7 19.0 19.05 
E 4116.3 19.1 19.4 19.4 19.05 18.7 19.0 19.1 
F 4147 .3 TOs34+) 20.2. |s..acers 19.1 POA! farce ce wetel ees eee 
G 4140.3 19.4 IQ.2 I9.4+| 109.1 18.55 18.9 19.4 
F 4171.3 19.4 Foca eee se 18.8 18.65 18.2 19.4 
G 4348 .6 I9.3+] 18.7 19.3+] 10.1 18.0 18.1 19.4 
F 4351.6 18.8 18.85 19.4+| 19.1 18.1 18.45 19.1 
E 4357.6 19.1 19.4 19.45 19.0 18.3 18.6 19.2 
iy PREC Beprsera cect Wee severe tela a omer | ks Rate Se US SESW Ne Seclerceleere Ue ee . 
G 4377.6 IQ.1 19.4 19.4+| 18.85 18.7 19.0 19.2 
G 4378.6 IQ.1 19.4 19.4+| 18.9 18.8 19.0 19.2 
G 4370.6 EOE Ge ol fh CO tot RR Seer tl (Sime 18.8 TO50" Pew swan AS 
E 4384.6 POUL] TS 75 18.8 18.9 18.7 18.3 19.5 
E 4387.6 19.4 19.2 19.0 18.9 18.7 18.4 19.4 
P 4405.5 I9.I+| 19.1 19.4+] 18.75 EB.0. Ncwieness Pe Neer rt 
G 4414.5 18.8 I9.4+| 19.1 18.9 18.2 19.0 19.35 
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CEPHEIDS 
PLATE pista [SE 
23 24 25 26 27 28 29 
TREOG GO |) cnx oe oe. a [vee era arn bate acai 19.2 IQ.05 19.6 18.8 
18890 .6 18.95 19.3 19.3 19.6 19.3 19.7 19.2 
B2TOFR.OD Pare wea Wel ererwecatarele | [haterstetats I9.4+] 19.2 I9.5+] 10.0 
2307.4 19.15 THOS lect ey 19.4+] 19.0 19.6+] 109.25 
BETS A bawarwne Oe Ieee we 19.6+|] 19.5+] 19.1 19.6+] 19.2+ 
2314.4 19.3 18.8 19.6+] 19.4+] 10.2 18.85 19.3 
2347.8 19.2+] 10.4 19.4 19.1 19.2 I9.6+] 10.3 
2550.6 19g.2+] 19.4 19.3 19.4+| 18.75 19.5+|] 18.5 
Nhe elem Meee eis Paral Para aor ata (ase cents im omeein 18.8 19.2+ 
2612.5 I9.2+] 109.1 19.4 19.5+| 10.3 19.1 19.3 
ROSS awn GOOG WAS «[eicere oe ass inves cracarecarel| winvacac eae pilates aleve acai] aleialats/ evetel] simsasereetarell etelatetamnets 
fads eee BOOM CS) | vem ircrarorol lancet GaSe | enerracc) OC OHGRel(5 er eecuesres 19.2 
TAG hence 2608 .3 19.2+| 19.4+] 10.3 19.4 19.2 19.5+] 19.1 
TOG ances 2903.2 FOnse [ewes 19.5+| 19.4 19.2 19.7 18.6 
BAS ocamt'e 2 2007.2 19.0 19.2 I9.5+| 19.2 19.3 19.6+] 19.3 
Pn ase vis 5 2966.5 te oO Pee ea $6.59 sAlonworcse EQ)a we ister lan 19.3 
Ponaid see 3000.4 18.85 19.3 19.7 19.35 18.7 19.6 19.1 
AO's co iaiasts 3319.6 ROG) BO6R Nile viatarcecs 19.2+] 19.2 19.1 9.1 
BiOee et cenn 3322.1 19.4 18.9 19.6+] 19.2 19.3 19.6 19.1 
Mas ocaces s 3344-5 19.3+| 19.3+] 10.5+]........ TO. Vexceenvs 19.3 
TEAS sia oie, 5 4004.7 19.0 19.05 19o.5+] 10.5 19.4 10.5 18.7 
Dok0v a ee we 4024.6 19.3 19.4+| 109.1 19.4 19.3 18.75 19.3 
GAB oie ee 4025.6 19.4 19.4+| 19.15 19.3 19.3 19.0 19.3 
Sinaecen wie BOAGLG. Wh ces pitti surmee eee 19.5+] 10.3 19.3 19.2+ 
BEF ce stats BOIGO | Nekicnc eee lewaonca es pte can lsinattrees sie eiemec ate 1958. (Voces 


OMy BOOe BODO Sess Se SS HOO BHIOOW OO00 OOO BWOwoO Sse 


452 4085.5 18.85 19.4 19.6 19.4+] 19.3+] 19.5+] 19.1 
M000 Gatace FOBG 36 bare wee ave | oteteverecsced|lletusntererne 19.1 19.2+] 19.6+] 19.2 
Pia ae 4090.5 19. 19.4+] 10.4 19.0 19.2 19.6+] 19.2+ 
eee a 4002.5 19.2+] 19.2 18.9 19.1 I9e3) leseunee 19.2+ 
AEF Oy sivent 4108.4 19.4 19.2 19.4+} 19.4+] 19.0 19.5+] 19.3 
RUB Cpe 4100.4 19.4 SRI ERY Morn 19.4+] 19.25 1o.5+] 19.2 
AOF ees coe 4113.4 EB e  elereterc | emacs at SOPRA Nasal 19.5+] 18.5 
Ha7S acces 4115.4 19.2 19.5 19.7 19.2 19. 19.6 18.7 
BOO. cs tats 4116.3 19.25 19.4+| 19.4 19.1 19.2+] 18.9 18.75 
ROR Seeee 4147.3 19.4 19.2 19.4 19.4+] 18.9 19.5+| 18.65 
4140.3 19.4 19.2 TOLAN Peis ces 19;0 foo voas ke 18.6 
4171.3 19.4+| 18.85 18.85 19.4+| 18.05 19.5+] 10.3 
4348.6 19.4+| 19.4+|] 109.35 19.2 18.9 19.5+] 19.2 
4351.6 19.2+| 18.8 I9.4+| 19.4+] 19.1 I9.5+] 19.3 
4357-6 18.8 19.4 19.7 19.6 19.25 19.1 19.3 
BSS8.Ge Na ticnrsdalarearnne leas tole es TO: ditr|s cate eieien T8000 aera 
4377-6 19.4 18.05 19.5+| 19.4+] 19.2 Ig.0 19.0 
4378.6 19.4 18.95 EQ s5t-| | T0c4- lacie sien 19.0 19.0 
4379.6 PU Ds al BORIS Seid ec 19.4+] 19.0+] 19.3 19.1 
4384.6 18.95 I9.5+| 19.6 19.6+] 19.3 19.7+] 19.2 
4387 .6 19.25 19.5+| 18.9 19.6+] 19.2 19.7 10.35 
4405.5 19.0+-| 15:0). [oecceses TO64e | s ncis se 19.5+] 18.65 
4414.5 I9.0+] 19.2+] 18.9 19.1 18.7 18.85 19.2 
ees Se ee ce fe ee ed ae ee ee 
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0 CEPHEIDS 
UAL- 
PLATE eae J.D 
30 31 33 34 35 36 37 
Risin. F 18560 .6 18.9 S30 lis ee Oe 19:4 19.4 TS-BS" lee coat 
TSG beste sien E 18890 .6 19.1 19.3 19.7+] 19.1 IQ.2 19.1 19.4+ 
Disa. PF 22197 .6 18.7 10.3 deco seess ie oe) RS, 2 30-0. Use ence 46 
PIAS ihre wee F 2307.4 19.15 19.0 19.3 19.2 19.2 E858" |ieeccrn 
Ted baree ss iz PLN ay ead (AS PN IQ.1 19.7 19.3 19.3 18.45 19.4+ 
T3890 auss G 2314.4 19.2 19.15 19.5+] 10.4 19.3 18.65 19.5+ 
120). pay t y 2347.8 19.15 19.15 I9.3+] 19.1 19.4 TS.65: [oes PD 
DAS Seca ces G 2550.6 19.1 19.15 18.8 19.0 19.3 LOD. levaacies 
Oa tara kia P 2611.0 $510" lor oro dec cenate 18.9 10.4 19.0 ee 5 
BOs es F 2612.5 18.9 FOUR USS cpoeis 18.05 19.45 TOG ». [cy Sas i 
I AGIA OMT pices vias Le tomes oe Lek e Matar lawe cae tote ae See tater amie bail corteety ecto 
F 2604.3 18.3 LOSES AS sacra 18.75 18.7 19.0 19.2+ 
G 2608.3 TOAS Weietaivis cies 19.5 18.85 18.9 ZO.0% |e 
G 2003.2 19.15 19.0 19.3+| 10.3 18.65 19.0 19.3+ 
G 2007 .2 19.15 19.0 19.7 19.3 18.7 19.0 19.5 
F 2066.5 18.65 18.2 TOrd. |ecteeaene 18.7 19.0 IQ .05 
G 3000.4 19.15 18.35 18.75 19.4 18.9 18.75 19.4+ 
G 3319.6 19.15 19.0 19.7+] 18.85 I9.2+] 18.7 18.75 
G 3322.1 I9Q.15 19.3 19.7+] 19.2 19.4 18.38 19.0 
G 3344.5 18.5 18.5 19.7+] 19.1 I9.2+] 19.1 19.4 
E 4004.7 19.1 19.2 18.75 18.75 18.8 18.8 19.1 
G 4024.6 18.8 19.0 10.5 18.55 19.4+] 18.9 19.0 
G 4025.6 18.45 19.15 18.75 18.6 19.4+] 18.8 19.0 
F 4020.6 18.3 ROERY cawece es 18.6 19.4 «or a car F 
F 4027 .6 18.3 DOTS eae cicieen |erethe eed cates wise 18.7 Gros ; 
G 4030.6 18.5 19.2 I9.I+] 109.2 18.8 18.55 19.3 
G 4031.6 18.4 19.2 19.2 19.1+| 18.65 18.5 19.5 
F 4033.6 18.45 19.1 19.5+] 10.0 18.65 18.5 19.4 
ie 4049 .6 19.1 TSB Wevecawes XS Ousil crea cicccsts 19.0 I9.1+ 
P BOSO.G. Piccscaes SAN Wien pes 18.6 50.2) 10:0) \eaksoess 
F 4054.6 19.1 LOUAe len sGuee |e etenet lianas sooF 19.0 19.3+ 
F 4055.6 I9.1 18.45 I9.7+| 10.1 10.5 19.1 I9.I+ 
F 4050.5 19.2 18.55 19.3+| 10.2 19.2+] 19.0 I9.3+ 
F HOSS CGE. urethane te ecscoteeiie a ik Scien ie wiles aetna o wicic cxlnwieiets aout 18.95 
E 4059.5 19.15 18.95 19.7+| 10.5 19.2 19.1 18.85 
Pp 4085.5 18.9 18.2 19.6+] 10.4 19.4+| 109.0 19.3+ 
Pp 4089.5 I9.0 YScae Mj sccsawree 19.1 19.2 19.0 I9.2+ 
F 4090.5 19.1 18.45 18.9 18.75 19.1 I9.0 19.3+ 
F 4092.5 19.1 18.8 19.4 18.6 EO SOME |irere eccraas 19.35 
F 4108.4 19.2 19.1 18.75 19.3 19.3 18.65 19.3 
F 4100.4 19.25 19.2 18.9 19.4 19.4+] 18.7 19.4+ 
F 4113.4 IQ.15 19.2 I9.I+|] 18.55 19.45 EQ.O8 Ii ar swine 
E 4TI5.4 18.95 19.2 19.7 18.6 19.45 19.0 19.0 
E 4116.3 18.8 19.3 19.5 18.75 19.45 19.0 19.0 
F 4147.3 19.2 10.3 19.5 oh Lael URC 5 18.8 18.85 
BOOscss nee G 4140.3 19.2 19.15 19.0 FOZ Vive ececese 18.8 19.0 
Sl7ircens exe F 4171.3 18.5 18.85 19.1 IQ.2 19.4 18.5 19.3+ 
S770 vacvxee G 4348.6 18.3 18.3 19.3+] 19.3 19.2 18.7 I9.2+ 
W280 5, eo F 4351.6 18.45 18.5 19.3 190.3 19.2 18.7 I9.3+ 
SBA Sr aes E 4357-6 18.5 18.85 19.1 18.45 19.2 18.6 18.9 
SAO T emesios P UBERBOY a Meoneerts ac le-cveie ole & sl eesoreavae TS 2Saiaes aeae S64 ona 4 
HsB85 coc oe G 4377.6 19.2 19.2 I9.0 19.2 19.0 19.0 18.9 
BOS n< 740-0 G 4378.6 19.25 19.15 19.1 Eh Sy fae Ieee 19.0 18.9 
GOO my ena G 4370.6 LOA |e th whee TOD Ae wan wiles nm alee 19.1 19.2 
DAF oS caves E 4384.6 19.25 18.2 19.7 18.9 19.4 18.6 19.3 
BBS nic aitiats E 4387.6 19.25 18.5 19.8+] 109.15 19.3 18.45 19.5 
G06) 2s ces Pp 4405.5 18.9 IQ.I 19.3+] 18.7 18.9 TOLO) Vsenoeees 5 
GLE on sicnee G 4414.5 19.0 19.3 19.0 19.2 19.4 19.1 19.05 
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om 
————— SSS 


CEPHEIDS 
QUAL- 
PLATE = JD: 
38 39 40 4 42 43 44 
Rts crss F 18560.6 18.7 19.2 I9.I+|] 109.1 18.45 coo | mcr a cen aya 
ELWs sieve we's E 18890.6 Ig.1 19.5 19.2 19.25 19.0 19.3 19.2 
D. Zastava Pp 22107 .6 18.8 19.1 TOE | saSisseiorel a's wre e-a wall ois wi eatererell Date ‘6 
Piss eee wes F 2307.4 I9.1 19.1 19.4+] 19.2 18.9 19.6 19.4 
ee P 2311.4 18.2 19.3 19.0 18.7 I9g.0 18.7 IQ.2 
PIC ete, oe: G 2314.4 18.5 I9.2+] 19.3 19.1 19.0 18.95 18.6 
THO vicnesne P 2347.8 IQ.1 19.2+| 19.4+] 18.7 19.0 I9.4+| 19.1 
D 48. G 2550.6 19.1 19.1 19.3+| 19.25 19.0 19.6 19.4 
Sa vamaens 13 2611.0 18.6 TSO HMaiesibiscarotes|icneiatete stedoifeiatenere sieved are’e tain elit overeat tata ary 
BOs ssi F 2612.5 18.3 18.8 19.35 19.3 18.9 TO. lee tareee 
P 2666.8 Vaan pads elses sch diein vols] vara Sale ls | wRiale aie Pate ain meall ae wate es 
F 2604.3 T8.G <enatuecs 19.4+|] 109.2 18.8 EQeUSh lctaletatece! 
G 2608.3 19.1 I9.0+] 109.3+] 109.25 18.8 18.7 19.4 
G 2903.2 18.95 18.8 19.4 19.1 18.6 19.4 19.3 
G 2907.2 IQ.1 19.3 18.9 18.75 18.7 19.7 19.35 
F 2066.5 FOG cad oss: 19.4+] 10.25 18.8 19.4 19.2 
G 3000.4 19.1 18 19.45 19.1 18.9 18.8 19.4 
G 3319.6 18.6 I9.2+] 18.9 18.9 19.0 18.7 19.3 
G 3322.1 18.8 19.2 19.3 19.1 18.9 18.8 19.4 
G 3344-5 PEGs I ewes 19.4 19.25 19.0 XO. Me wawe ae 
E 4004.7 19.0 19.1 18.95 18.05 18.9 18.95 18.8 
G 4024.6 19.0 19.2+] 10.35 19.2 18.6 Ig.t 19.4 
G 4025.6 18.9 19.2+] 109.35 19.25 r8.7 18.7 19.4 
F 4026.6 19.0 POS aneeeanelons vaste 18.7 18.7 19.3 
F 4027.6 19.0 UGG asic oaacs 19.2 18.8 18.65 19.2 
G 4030.6 19.0 19.2+| 18.95 19.2 18.8 19.1 18.8 
G 4031.6 TOxE |ecetes sere 19.25 19.25 18.9 19.3 18.6 
F 4033.6 19.1 18.8 19.35 19.3 18.8 190.3 18.6 
P 4040.6 19.0 18.9 19.1+] 19.1-+] 18.8+] 19.0 19.3+ 
Its 4050.6 18.8 19.0 I9.1+] 19.1 18.6 19.1 19.3 
F 4054.6 EO laaeesats 19.3 18.6 18.45 19.4 19.3 
F 4055.6 19.1 19.2+]| 19.2 18.75 18.6 19.7 19.4 
F AO5G 6 [oncom cn 19.I+] 18.9 18.75 18.45 19.3 19.4 
F MOSES Neco dox ss ledewsess I9g.1+] 19.1 18.7 19.4 19.3 
E 4059.5 19.1 I9.0+] 19.25 19.1 18.9 19.7 18.65 
Be 4085.5 19.15 19.1 19.3 19.25 18.6 19.3 10.3 
by 4089.5 18.2 9 2-H] oie co's cas TQ lnc vccemnt 19.1 19.3 
F 4090.5 18.3 Ig.I+| 109.35 18.6 18.8 18.8 18.8 
F 4092.5 cet all Bean oe 19.4 18.8 18.8 18.95 18.6 
F 4108.4 19.1 I9.1+] 18.95 18.7 18.9 18.7 19.4 
F 4100.4 19.1 19.2+| 19.15 18.7 18.8 18.9 19.4 
F 4113.4 18.4 I9.1+|] 19.2+] 18.05 hier bt | BAD restal cuoor 8 
E 4115.4 18.35 18.8 19.35 19.1 18.6 19.2 19.5 
E 4116.3 TS. AS) eae see I9.3+| 19.1 18.45 19.4 19.4 
F 4147.3 18.8 18.75 19.0 18.9 18.6 38.65 Wesrate Ac) 
G 4149.3 TOE” den sevccs 19.25 19.2 18.7 18.6 19.1 
F 4171.3 18.7 19.I+] 19.25 19.25 18.85 18.7 19.4 
G 4348.6 18.8 19.3+| 10.35 19.1 19.0 18.7 19.3 
F 4351.6 19.1 19.2+] 19.15 19.2 18.85 19.1 19.6 
E 4357-6 19.1 18.8 19.35 19.2 18.55 19.35 19.6 
P ABSSL6° | Vacters eaiate ESV7S! | cess coialles aoe oe horas coca atnle comers carers Forays 
G 4377-6 19.1 19.1 19.25 18.65 19.0 19.4 19.4 
G 4378.6 19.1 19.2+] 18.95 18.65 19.0 19.7 19.4 
G 4379.6 I9g.1 I9.1+| 19.0 18.7 19.0+] 19.7 19.3 
E 4384.6 19.3 19.3+] 19.45 | 19.2 18.85 | 19.5 19.3 
E 4387.6 18.8 19.2+| 19.5 19.3 18.6 19 19.6 
P 4405.5 19.1 18.8 19.1 19.1 19.0 19.7 19.2 
G 4414.5 18.25 19.3 19.5+| 18.7 18.85 19.2 19.6 
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TRREGULAR ALGOL 
PLATE QUALITY J.D. 
I 2 6* 13 8 

F 18560.6 17.7 17.3 18.4 18.4 18.6 

E 18890 .6 17.2 17.4 18.6 18.25 18.6 

P 22107 .6 18.6 16.4 18.5 18.15 18.8 

F 2307 .4 18.6 16.4 18.6 18.15 18.6 

P 2311.4 18.55 16.3 18.6 18.05 18.8 

G 2314.4 18.6 TOd oS heosucs nae. 17.05 18.7 

P 2347.8 18.4 16.3 18.7 18.15 18.7 

G 2550.0 18.6 16.5 18.6 18.1 18.7 

P 2011.0 18.5 FONG Ras a aera Mathers 18.2 18.7 

F 2612.5 18.45 16.5 EB [igristveacvers 18.7 

r: Ce ey eal Pe a GG) 7 Pe ccie a mrete wall we exersatetete'n'| srcarereee ve 

F BOGA = Gi bares aie IGS Uoehccan ae 18.05 18.7 

G 2698.3 18.4 TOSS. Votan 18.1 18.8 

G 29003 .2 18.55 16.1 18.8 18.0 18.7 

G 2907 .2 18.45 16.0 18.7 18.1 18.7 

F 2066.5 18.7 a8 Pe de tt BS oe 18.05 18.7 

G 3000.4 18.7 15.8 18.8 17.9 18.7 

G 3319.6 18.5 Shs So Lonaree ae. 17.8 18.7 

G 3322.1 18.5 16.1 18.8 17.9 18.8 

G 3344.5 18.4 TOs Bog lorena 17.8 18.7 

E 4004.7 18.55 15.5 18.8 17.75 18.6 

G 4024.6 18.5 Tes Tne oe-ed ace 17.9 18.75 

G 4025.6 18.4 15.6 18.8 18.0 18.8 

F 4026.6 18.4 Thos 18.8 18.1 18.7 

F 4027.6 18.5 ESS Sie © bectr ateit wih 18.05 18.7 

G 4030.6 18.4 I5.5 18.8 18.15 18.7 

G 4031.6 18.6 1 oe Ay r7..75 18.8 

F 4033 .6 18.55 15.6 18.8 57-7 18.75 

P 4049.6 18.4 Tee deca neniccs 18.1 18.75 

P 4050.6 18.3 15.6 18.8 18.1 18.75 

F 4054.6 18.4 SECON honed Greate 18.0 18.7 

F 4055.6 18.4 15.6 18.8 18.1 18.7 

F 4050.5 18.4 PRE SM hee eit 17.9 19.15 

F 4058.5 18.4 Pe leis oeeeesiers 17.75 18.6 

E 4059.5 18.45 15.5 18.8 17.75 18.75 

PE Seay Re RI Pp 4085.5 18.3 15.5 18.8 18.1 18.7 
S200 sk ou aecs i 4089.5 18.3 15.6 18.8 18.15 18.75 
Astin OR eto a F 4090.5 18.5 Weng) lant dean: 17.05 18.6 
AOaw meee Chess F 4002.5 18.3 TEEOS TS ees 17.9 18.6 
Pi Rags Ace ea F 4108 .4 18.3 Tess 18.8 17.9 18.7 
AGB le ste sith. S505 « F 4109.4 TECAS teers cans 18.8 17.05 18.7 
SAOVA a oewecs< F 4113.4 18.35 15.6 18.8 18.0 18.6 
dP Che cine SOE E 4115.4 18.5 15.5 18.8 17.8 18.75 
ASOs viet crs eee E 4116.3 18.5 ESS» Mlacwee acne 17.75 18.7 
HOS anise ec F 4147.3 18.6 15.6 18.8 17.8 18.5 
G 4140.3 18.5 I5.5 18.8 17.9 18.6 

F 4171.3 18.4 Fe fey 18.8 17.75 18.75 

G 4348.6 18.4 157 18.8 17.9 18.7 

F 4351.6 18.45 5.7 18.8 17.85 18.7 

E 4357.6 18.3 15.9 18.8 17.8 18.6 

ig 4358.6 18.5 ee bine were 17.8 18.7 

G 4377.6 18.3 15.9 18.8 17.8 19.1 

G 4378.6 18.4 15.90 18.8 17.75 18.6 

G 4379.6 18.35 15.8 18.8 17.8 18.7 

E 4384.6 18.3 15.9 18.8 17.8 18.7 

E 4387.6 18.4 16.0 18.8 17.85 19.2 

P 4405.5 18.3 15.9 18.8 17.8 18.7 

G 4414.5 18.3 15.9 18.8 17.9 18.7 


* Var. No. 6. Magnitudes are estimated. 
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TABLE I—Continued 


eee 
ee —————————————————————————eeeee 


UNDETERMINED 
PLATE QUALITY J.D 
14 Is 2r 32 45 
F BESOO G0 Baap wean LOS llecislocista less] eerererveeres 18.8 
E 18890.6 19.2 19.2 18.75 18 18.55 
P 22169 Ot hex nao 5 Ce Hen Bracken Seed) ei aoe tecin Cx Tee AP 
F 2307.4 19.35 19.35 18.5 19.1 19.0 
P 2311.4 18.8 19.45 18.5 18.6 18.9 
G 2314.4 18.9 19.35 18.65 19.35 18.9 
P 2347 -8 19.3+ 19.25 18.85 TO. 18.45 
G 2550.6 19.2 10.35 18.85 18.85 19.0 
Ee Fit 6 el PEON Perr? Ray Manres iGekicd Sock topeoad nur pen 
F 2612.5 19.35 19.5 18.9 19.1 18.8 
TOS creas creak P BOGO GA | | accrcersterarereni| vieretoferele eins | cleraten tors etei| ierel sceteeinhae wielarateistotare 
EIO poaiaee ware F 260402" [iC cestn ox 19.25 18.85 19.2 Saale eens 
TAO se srevevee a stcipie G 2698 .3 19.1 19.45 18.85 I9.5+ I9.0 
TOGavis wactaeeas G 2003 .2 19.4 19.1 18.7 19.5+ 19.0 
ROS ae erenitaio nace G 2007 .3 19.4 19.45 18.55 19.25 18.95 
Ne FR rye F 2066.5 £O'.05.. low mio viene 18.8 19.2+ 18.7 
Baca bee koes G 3000.4 19.4 19.0 18.7 19.5 19.0 
7 he SSP ree G 3319.6 19.2 19.3 18.45 19.5 18.4 
BON rotors acd oe G 3322.1 190.4 19.45 18.65 19.5 18.5 
Magee donee; G 3344-5 19.4 19.3+ 18.9 19.4+ 18.55 
RTALY dav acieiesicre.s ore E 4004.7 19.6 19.45 18.75 19.5+ 18.45 
D260 apiece ae G 4024.6 19.05 19.4+ 18.9 19.5+ 18.95 
OT eee ee G 4025.6 19.0 190.5 18.85 19.25 18.9 
Sakae pues waren F 4026.6 19.0 TOQsA-to [sc cickelesworsilicee wees well aoa atererete : 
BBO as Meiners we F BOD SO. | Whecsycte viv. wiacele\||eistceeatcvara|ioistolaierecia. vet) eter ements arerare| syeterentrare nas 
AGS a Rvathriataveratons G 4030.6 DOME OOECCIONCe) tke Geran arti pooUS 19.0 
Haga occ wanna G 4031.6 19.2 19.25 18.85 19.4 18.9 
BONN trans acae F 4033.6 19.2 19.45 18.85 19.0 19.0 
ey Oreo eee i 4049.6 TORS Wileaare ene 1B, 5 We laterotn ate oteverall tearaeperarete Oc 
AVEC Sawaetacs P WSO lwo crating Fister ee ean TS) Sime aletetstarerrne 18.95 
Le PIRE Weorerere F BORA OU Settlers ete 19.4 : eA Hell BBD ODOCCE 18.75 
SSPE dicot wataerae F 4055.6 19.6+ 19.1 18.55 IQ.2 18.9 
BRR G Ga lay waa anne F 4056.5 19.4+ £O.x 18.55 IgQ.2 18.9 
Poe So wa as F SOR All. vie ceva ae pene kee 18.55 ‘sets eee es 18.35 
HAM cnpis-d ore eielk ¢ E 4059.5 19.2 19.4 18.55 19.5+ 18.5 
BUA Remsen ae aiaicr P 4085.5 19.2 19.45 18.75 19.4 18.55 
MOO Meher sete ies iy AO805 bine setae LOAM | cacwlte necellaviem Pare lefestem ete 5 
BEAU M eotiiea sak ois F 4090.5 19.3 19.3+ 18.75 18.9 18.7 
AOR etacse wan tev F 4002.5 IQ .05 19.4+ 18.75 19.2 18.6 
BON e arula/e sa Bip ioe F 4108.4 19.4 19.15 18.75 18.8 18.05 
AID tare nce hers F ALOO SA. Ularsisiricletesinne 19.3 18.75 18.75 18.95 
SADT aan siaeiiecicn F Ps 6s ey | Ie eee LO. 3"h es vce ce tell cleeteee eet 19.0 
ES 5b fe ee arn ane E 4II5.4 19.2 19.3 18.7 190.4 19.0 
FORA ASAE Se E 4116.3 EQS2°_ Ail jie 18.5 190.5 19.0 
BOE Saivice suis eee F 4147.3 19.5 19.4 18.7 18.6 18.5 
ROO noes Sate ews G AEROS Menai eren 19.3 18.75 18.8 18.3 
RRs ovata ats tages F 4171.3 19.2 19.4 18.85 19.0 18.9 
RII oceee cee hove G 4348.6 18.8 19.4 18.8 18.6 18.8 
OP eae F 4351.6 18.95 19.2 18.8 19.4 18.7 
PIGRW EH siotaorints E 4357.6 IQ .05 19.1 18.75 19.4 18.25 
SAGy oe uig aa a iy 4358.6 18.9 18 
FED Al cree eh EPrm rex T tems) Ms che cnacycin 4 
PISS Pe Se. ae G 4377.6 19.6 19.45 18.8 19.5 18.4 
ROS as chee aa G 4378.6 19.4 19.5 18.85 19.5 18.45 
noe wanaunrasatavata alate G 4379.6 19.4+ 19.3 18.7 18.8 18.5 
VW de IA ess E 4384.6 19.3 19.5 18.65 19.45 18.5 
POBI Mary it ora a E 4387 .6 19.5 19.5 18.85 18.7 18 
é Fs ; 5 
HOGG 2s wna cone Pp 4405.5 18.9 19.2 18.9 19.2 19.0 
Ollasonceanaee G 4414.5 19.1 19.3 19.0 19.4 19.1 
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The necessary data for the construction of light-curves for all the 
Cepheids are given in Table II. The period-luminosity relation is 
conspicuous among these Cepheids, and is illustrated in Figure 2, 
where logarithms of the periods are plotted against magnitudes at 
maximum. Long exposures on Cramer Iso plates through a visual 
filter, while not accurately calibrated as yet, indicate moderately 
large color-indices, quite consistent with solar-type spectra, for those 
Cepheids which could be identified. 


Fic. 1.—Mean light-curves for four Cepheids in Messier 33. The magnitudes are 
photographic. 

These considerations all indicate that the variables are ordinary 
Cepheids, such as are known in the galactic system, the Magellanic 
Clouds, and the globular clusters, and hence that they can be em- 
ployed for determining the distance of the spiral. An examination of 
Figure 2 suggests that the data are reasonably complete for maximum 
magnitudes down to about 18.8, but that for fainter maxima they 
are occasional and probably not representative.? This restriction, 
together with the limited range and considerable scattering, de- 


t This conclusion is based on the fact that for stars having the same order of 
photographic magnitude the Cepheids fall about midway between the brightest and 
faintest photovisual images. 

2 Fighteen of the Cepheids are within 5’ of the nucleus, and seventeen are more 
distant. The two groups are thoroughly intermingled on the plot in Fig. 2, and show 
no appreciable difference that can be attributed to the influence of unresolved nebu- 
losity. X 
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TABLE II 


CEPHEIDS IN MESSIER 33 
a ee eee 
me 


Pc. Mac. 
teste DIsTaANCE| PosiI- 


Vas. Tn | ne | Ree | EE |SEeocr De | Mercom TION eta Sh es 
No. ae Log P Maxi- Range* Nucrevs | AncLEf 
Mey hogctane 69.50 | 1.842 | 18.55 | (0.6) |2424004.5| 188’ | 105° | IV, V 
LQ acces 54.706 | 1.738 | 18.0 8 4018.0] 346 15 IV 
BO. pt sheces 46.03 | 1.663 | 18.3 9 4026.0] 301 250 IV, VI 
LS yh Aree: 41.68 T2020)|/ 18235 |) 0-0 4054.5) 633 330 IV 
KR en Aotigtte 37533, WleLas 72a gbOw2s. |e Boo 4084.0] 337 245 IV, VI 
AOA eee 6.3m | 1.560 | 18.55 | (0.8) A4III.5| 237 210 IV, VI, VII 
ag Ct Ore aa be T5560 | 18.2 ( .8) 4024.0] 53 160 V, VII 
BO eee tse dp meincyelpmasmice 1 KC 5) 4028.0] 506 | 35 IV 
18 34.00 | 1.531 | 18.5 ( .6) 4057.0] 104 30 Vee 
ae reas 30.514 | 1.484 | 18.65 | ( .8) 4031.0] 665 255 IV 
ADE ay 30.34 | 1.482 | 18.45 | ( .5) 4051.0] 323 225 LV 
AAA aed, 30.123 | 1.479 | 18.6 0.8 4029.5] 353 230 IV, Vi 
Abate 27.366 | 1.437 | 18.25 | 1.2 4091.5| 444 70 IV 
Pete see 26.556 | 1.424 | 18.6 (0. 7) 4147.0] 296 60 IV 
ih eh Ae 25.04 | 1.398 | 18.2 9 4089.0] 523 165 IV 
UTC ye eo Ae te 23.43 | £5370 | 18.8 || (x5) 4116.0] 201% 50 IV, V, VII 
cy AN A 23.207 | ©.307 | 18.8 | (9) 4058.5] 229 180 IV, VII 
265s Sawer 23.258 | 1.366 | 19.1 ( .7) 4089.5| 618 80 IV 
Ae Ree 22.448 | 1.351 | 18.7 ( .6) 4054.5| 233 340 IV, VII 
7 eee 22.16 (|) 22346 | 18255 | (-0) 4024.5] 668 325 IV 
CT hee tne 21.816 | 1.339 | 18.9 (Gas) 4002.5 64 175 V 
TR ee ee 21.681 | 1.336 | 18.6 (0.9) 4024.5] 140 95 Ve VLE 
Boars eee 20.50 | 1.312 | 18.75 | (1.1) 4004.5] 430 235 IV, VI 
AZ re Me ee 20.166") 5.305" | 15. 7 1.0 4025.5| 424 215 TAYE WAL 
Orne cee 18.90 Tar TN eos, (o. 6) 4023.0] 204 go LV, Vi 
23 cae helt 18.58 | r.269 | 18.85 | ( .8) 4116.5] 412 50 IV 
ALE ea T7.OS) eke 255s FocOSe |G. 0) 4090.5] 321 235 LI AL 
at Re ee 17.602 | 1.246 | 18.9 | ( .8) 4058.0] 77 280 V, VII 
163 cee 7.50. | %.243 | 38.7 ( 9) 4033.0] 239 170 IV 
Lee oetaine 16.166 | 1.208 | 18.8 (ee) 4114.0] 722 25 IV 
5 14.60 | 1.165 | 18.85 | ( .6) 4051.5} 186 78 INN, 
RR ee one TSas04 | T. 232 | TS.05 1 Geo) 4112.5| 096 180 IV, V, VII 
Ot eee 132 A399) | DeF29)| 52052 |G as) 4386.0] 169 140 LV 
AGT csacue E2;022 | -E-1LTe|sro.ose aces) 4003.5] 188 340 LVN: 
BAr arto 12.894 | 1.110 | 18.85 | (0.7) 3990.0] 96 190 IV, V 


_. * The amplitudes, in general, are very uncertain; the few which seem to be fairly reliable are printed 
without parentheses. 


_ tin the preliminary notice (Publications of the American Astronomical Society, 4, 261, 1925) the 
periods of Nos. ro and 4o were given as 19.6 and 20.0 days, respectively. New observational data have led to 
the revised values listed above. The period previously published for No. 15 was also found to be erroneous. 

t Position angles are measured from the north through the east (following side). The accuracy of 


both position angles and distances is sufficient only to indicate the regions in which the variables are 
located. Identification may be made on the various plates. 
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tracts materially from the significance of correlation curves com- 
puted from the data, and recourse was had to a direct cut-and-try 
method for determining m— WM, the modulus of the distance. 
Shapley’s period-luminosity curve,’ expressing the relation be- 
tween log P and median photographic magnitude for more than a 
hundred Cepheids in a single system, the small Magellanic Cloud, is 


Fic. 2.—Period-luminosity relation among 
Cepheids in Messier 33. Photographic magni- 
tudes at maximum (abscissae) are plotted 


the latest and most reliable 
standard for comparison. The 
individual points were replot- 
ted, using magnitudes at 
maxima instead of median 
magnitudes,’ and a corre- 
sponding diagram on trans- 
parent paper was constructed, 
to the same scale, for the 
Cepheids in Messier 33. The 
latter was laid upon the for- 
mer so that the ordinates for 
log P were superposed and 
then adjusted to the best fit 
by shifting along the magni- 
tude axis. This method as- 
sumes that the amplitudes of 
the Cepheids in the two sys- 


against logarithms of period in days. temiGinres amir: otherwicn 
> ? 


an error amounting to half the systematic difference in the ampli- 
tudes is introduced. In general, the two diagrams are comparable, 
although the scattering among the Cepheids in the spiral appears 
to be slightly less than among those in the cloud, while the defi- 
ciencies in the spiral for the fainter magnitudes and shorter periods 
are strikingly evident. 

The best fit, illustrated in Figure 3, appears to be for a difference 
of 4.55 mag. in the moduli of the two systems, and the adjustment 
is sensibly unbalanced by a shift of 0.1 mag. in either direction. The 


t Harvard Circular, No. 280, 1925. 


2 In two cases, where the amplitudes were not specifically stated, probable values 
were derived from a curve expressing the relation between amplitude and log P. 
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latest value™ for the modulus of the cloud is 17.55; hence for Mes- 
sier 33 
m—M=22.1 
1 =01000,0038 
Distance = 263,000 parsecs 
= 850,000 light-years.? 


Pg. mag. Messier 33 


II.95 12.95 13.95 14.95 15.95 
Pg. mag. Magellanic Cloud 


Fic. 3.—Comparison of period-luminosity relations for Cepheids in Messier 33 
(circles) and in the Small Magellanic Cloud (crosses). 


The accuracy of the results, the universal validity of the Cepheid 
criterion being assumed, depends largely upon the accuracy of the 


t Harvard Circular, No. 280, 1925. 

2 The values published in the preliminary notice, derived from twenty-two Cepheids 
and Shapley’s unrevised period-luminosity relation, were: m—M=22.3; distance= 
930,000 light-years. The difference is due almost entirely to the revised form of the 
period-luminosity curve in the portion covering the Cepheids in the spiral. 
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zero-point of Shapley’s period-luminosity curve.' It is hoped that the 
probable error arising from the system of magnitudes and the com- 
parison with the Cepheids in the Magellanic Cloud is not greater 
than 0.2 mag. in the modulus, or ro per cent in the distance. 
Hitherto, wherever Cepheids have been found in isolated systems, 
the criterion has led to distances entirely consistent with other char- 
acteristics that could be observed. The latest application has been 
to N.G.C. 6822, a system very similar to the Magellanic Clouds, 


Year 1900 1905 I9gIo IQI5 1920 1925 


Fic. 4.—Two irregular variables in Messier 33; No. 1, crosses; No. 2, points 


but at a distance of about 214,000 parsecs, comparable with that of 
Messier 33 itself.? Here, also, the period-luminosity relation func- 
tioned normally, and the order of the resulting distance was con- 
firmed by several independent criteria. A presumption is thus raised 
in favor of the general validity of the Cepheid criterion which only 
strong and cumulative evidence to the contrary will destroy. 


IRREGULAR VARIABLES 


The four irregular variables are Nos. 1, 2, 6, and 13. A number of 
observations of Nos. 1 and 2 from early plates, not included in Table 
I, were published by Duncan’ and by Wolf.4 These, together with a 

t Recent results on radial velocities and proper motions of galactic Cepheids in- 
dicate the possibility of a moderate correction to the zero-point, but until the new data 


have been discussed in a definitive manner, it seems preferable to use the current 
value, with full realization, however, of the possibility of a subsequent revision. 


2 Mt. Wilson Contr., No. 304; Astrophysical Journal, 62, 409, 1926. 
3 Publications of the Astronomical Society of the Pacific, 34, 290, 1922. 
4 Astronomische Nachrichten, 217, 476, 1923. 
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few additional data, are listed in Table III. The magnitudes have 
been reduced to the photographic system derived from comparisons 
with Selected Areas Nos. 21 and 45, and differ appreciably from those 


TABLE UI 


ADDITIONAL MAGNITUDES FOR VARIABLES No. 1 AND No. 2 


VARIABLE 
Date Obs. t 

No. 1 No. 2 
TSOKMONOY ned So eee ee R L723 17.2 
T5090) Sete 12" oes asec K 18.4 17.4 
LOOP, Sept. 5s seas aa fe 17-3 Lyfe! 
DEPte 2Oec nn we sieieere || MeN UMN ieoterercrnateres a fag 
TO03 Jal, LO neeeewce ae R 18.0? Tp 
1906 Pontos estate L E730 17.2 
1907 re Sraawwa <eielee Ms sete aah otas Tatty 
MOTTA: Ci eideeses|) Dee Wel iveteetoe ee 17.4 
1908 fic DI Ree ga. IEC 7” even ee tyes 
Os emcee erie Hye 17.2 
TOLO, Oct 2A cece (6. 17.5 ngs 
ROUSE OCLe Lee neste My ol tectecs 16.85 
Oct 36s ay ward Aatere L 8.1 16.7 
INOW. we Sucnceters cee as (e 18.4 T73 
tO10 Dept, 2508 acres L 18.4 16.4 
T6I7 Dee. 16.3 Senses Wo OR ees 16.5 
Dec. 1G cc oshew seo Wo lbs cane 16.35 
LOL OE ON OVa UL Aer ar htencts IMF Be avec aie 16.5 
1920 aug: See y Retne seme 208 
Cle Aes cetnewtee |) UND ee! ales eecaters 10.4 
1921 ee a WeSerae: har ores eee ae oe ee 
ON AEC Lebin eee ee u 18.4 16.3 
TO%24 (Ale R20. wee ee eee Lu 18.4 16.2 
ue DAiee ste Sects a Hk oeuvres 16.35 
MIS a2 vareraaae ence) ue MAVV en Mill tenet mereteate 16.35 
ra 25° Soe aie oy 18.4 ae 
Cha CT Arcee ecostacctel, elvle Wiles meter 16.1 
OCh CLE sre ness Mise bocce sere 16.3 


* Plates from which magnitudes have been independently determined. 
Otherwise the magnitudes are those published by Duncan and by Wolf, reduced 
to the system of the international photographic scale. 


} The photographs were made by the observers indicated in the second 
column: R=Isaac Roberts, K=Keeler, Ri=Ritchey, W=Wolf, L=Lamp- 
land, P=Perrine, C=Curtis, M=van Maanen, Lu=Lundmark, D =Duncan. 


t Limit of the plate. Variable No. r was not visible. 


published by the above-mentioned investigators.t Independent es- 
timates of the magnitudes have been made on such of the original 
plates as were available. ; 


* Magnitudes of a sequence of comparison stars were derived from four short- 
exposure comparisons with Selected Area No. 45 in addition to those found from the 
available long exposures. 
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Light-curves of these two variables, based on Tables I and III, 
are shown in Figure 4. Number 2 appears to have remained quies- 
cent at about 17.4 mag. from 189§ to somewhere between 1911 and 
1915. By 1915, the variable had entered upon a period of activity 
which is still in progress. It brightened gradually, with minor 
fluctuations, until it reached a maximum of 15.55, which it main- 
tained during the season 1924-1925. It was then the brightest star 
which could definitely be assigned to the nebula, the absolute photo- 
graphic magnitude corresponding to the distance indicated by the 
Cepheids being —6.55. A faint slitless spectrogram was obtained 
during this period with two prisms and a 3-inch camera at the 
Newtonian focus of the 1oo-inch reflector. The continuous spectrum 
held up well into the violet, suggesting an early type, and a bright 
HB could be seen. Several other bright lines, including Hy and H6, 
were suspected. The spectrum can best be described as an early 
type with bright lines, and this is consistent with the photovisual 
plates which indicate a very small color-index. During the summer 
and autumn of 1925, the star faded about 0.5 mag. Variation of this 
type is not sufficiently known among galactic stars for analogies to 
be traced. 

Variable No. 1 is similar in many respects to No. 2. Its normal 
magnitude appears to be near 18.4, but about 1900 it entered upon 
a seventeen-year period of activity, during which it attained a 
maximum magnitude of at least 17.2. By 1917 it was back to 
normal, and since then has shown only slight evidence of unrest. 
The mean magnitude during 1924-1925, however, was 18.3 as 
against 18.5 for the period 1920-1922. Photovisual observations 
indicate a moderate positive color-index of the order of 0.5 mag. 

Variable No. 6 has remained steady at about 18.8 since 1921. 
Plates for 1910, 1911, and 1919 indicate, however, a luminosity 
some 0.3 or 0.4 mag. brighter. Variable No. 13 is fainter on the early 
plates than on the later. In 1910-1911 it was about 18.4; in 1919- 
1921, about 18.0; in 1924-1925, about 17.7. The color-index during 
the last epoch was of the order of +-0.8 mag. 
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OTHER VARIABLES 


Variable No. 8 appears to be an eclipsing star. On three plates 
it was 19.r or fainter; otherwise it has remained steady at about 
18.6. The minima were 


Photographic Magnitude 


JD 2A24OSO Ake: seyret treet) store 19.15 
AST CEO Urata eee ore tee 19.1 
A387) O08 2 isc ctorecimel a mie ees 19.25 


The images on these plates have been critically examined, and 
there seems to be no reason for supposing them defective. 

No periods have been found for variables Nos. 14, 15, 21, 32, 
and 45. The small amplitudes and recurring maxima suggest, how- 
ever, the Cepheid type of variation, and it is probable that more 
and better observations will establish it for several of the stars. 


NOVAE 


Two novae have been observed in the spiral, the first about 1/8, 
and the second about 10/8, from the nucleus, both in the north-fol- 
lowing quadrant. Nova No. 1 was found on four plates obtained by 
Pease in the winter of 1919-1920. The position, indicated on Plate 
V,was about 1”5 south of a star of 18.15 mag., and the photographic 
images of the two overlapped. This detracted from the reliability 
of the estimates of magnitude. Moreover, an interval of one hundred 
and ten days separated the plate on which the nova was first seen 
from the next preceding plate, and thus the date and the magnitude 
of maximum are unknown. 

Nova No. 2, whose position is marked on Plate IV, appeared 
on the first photograph obtained in the season 1925-1926. It was 
obviously on the declining branch of its light-curve, although it was 
followed for some two months longer. The data of observation for 
both novae are given in Table IV, in which are included absolute 
magnitudes computed from the distance indicated by the Cepheids, 
and also the dates of the photographs next preceding and following 
those on which the novae were visible. 

The observed portions of the two light-curves are shown in 
Figure 5. The data are insufficient to serve as a reliable criterion of 
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distance, and would be so even were the frequency distribution of 
absolute magnitudes attained by galactic novae definitely known. 
Among those in Messier 31, however, of which some sixty have 
been observed,’ there is a sharply defined maximum frequency about 


TABLE IV 


APPARENT AND ABSOLUTE PHOTOGRAPHIC MAGNITUDES OF 
Novae IN MESSIER 33 


PLATE DATE | m | Mt 
Nova No. 1 

tC Y tls es eae FOLOMMAUL 20.1) ie a aeetn|\othag eee rae 

Piro) ot ae sre caer Dec. 14 7225 —4.85 
et cree a Ceara as Dec. 18 Ties 4.85 
TSS vamsice eee Dec. 2 17.8 4.3 
BO a ravcrereroy akaises kota 1920 Jan. 23 18.0 —AsT 

DA SF ste sees PUG DSU acrmeteah | steele 

Nova No. 2 

LER kta oe Rarer igen | AP My GRO Al bones to ees Home acs 
CUS Oat DAO ON July 17 17.9 —4.2 

Des aoe orem ook July 20 18.0 4.1 

ia Rts Pare ceteris ae July 26 18.4 3.7 
BOOilstereree ace here we Aug. 15 19.2 2.9 
GOOw Acta tes tees Aug. 17 19.25 2.85 

NDP OE bette eo at Aug. 21 19.4 2.7 
DOB mers ier che cartene Aug. 24 TOns 2.6 

EANGOG rewcsonse sins oi Sept. 12 19.5 2.6 
GID Nr ite se es Sept. 21 19.7 —2.4 

SWOT sat chl- ioe ee es OGERC TB. Io Serseersarsssnctllein soe ele 


* The photographs next preceding that of the first appearance and next 
following the last appearance are also listed. 


t Absolute magnitudes are derived from the distance indicated by the 
Cepheids in Messier 33. 


apparent magnitude 17.0. The Cepheids in the two spirals have 
the same apparent magnitudes for corresponding periods, and it is 
to be expected that the novae, also, will show a similar behavior. 
The fragmentary observations of the two novae in Messier 33 are 
consistent with this supposition. They indicate, at least, that the 
novae are brighter than the Cepheids, a relation that holds in both 
Messier 31 and in the galactic system. The lack of data on the mag- 
nitudes at maxima is a serious handicap, but on the very reasonable 

1 This number includes those discovered up to December, 1925. Nos. 23-60 have 
been found by the writer; details will be published later. - 
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assumption that the apparent magnitudes attained in Messier 33 are 
similar to those in Messier 31, the mean absolute magnitude of the 
novae, at the distance indicated by the Cepheids, would be —5.1, 
which is of the same order as that for novae in the galactic system.” 


DIFFUSE NEBULAE IN MESSIER 33 


Several patches of diffuse nebulosity with stars involved are 
found in the outer arms of Messier 33. The brightest of these, cata- 


Io 30 50 
\ 
es 
40 60 


80 stele) 


Pg. 
mag. 
18.0 


19.0 


Fic. 5.—Light-curves of two novae in Messier 33. The Julian dates may be found 
by adding to the abscissae, 2422300 for Nova No. 1, and 2424300 for Nova No. 2. 


logued separately as N.G.C. 588, 595, and 604, show emission spec- 
tra. Slit spectrograms are available for N.G.C. 604, and show that 
H8 is brighter than J,, a relation characteristic of diffuse emission 
nebulosity in the galactic system. Photovisual observations indi- 
cate that the brighter stars involved are blue.? Moreover, as will be 
shown later, the relation between the apparent magnitudes of the 
involved stars and the angular extent of the nebulosities is the same 
as that among diffuse galactic nebulae. 

These various features offer strong cumulative evidence that the 
patches in Messier 33 are indeed diffuse emission nebulae similar in 

* Lundmark (Monthly Notices, 85, 885, 1925) has made use of the reverse procedure. 
Combining a mean apparent magnitude of 16.34 for twenty-two novae in Messier 31 


with a mean absolute magnitude of —6.9 for galactic novae, he derived a distance of 
1.4X 108 light-years for the spiral. 


2 The photovisual images are as small as, or smaller than, those of any other stars in 
the nebula of the same order of photographic magnitude. 


3 Mt. Wilson Contr., No. 250; Astrophysical Journal, 56, 400, 1922. 
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every respect to those in the galactic and other systems. On this 
assumption, the brighter stars involved are blue giants‘ of spectral 
types Bo or Oes, and can be used to test the order of the distance 
derived from the Cepheids. The photographic magnitudes of the 
brighter stars in the three groups’ are given in Table V along with the 
absolute magnitudes computed from the modulus m—M =22.1. 


TABLE V* 


MAGNITUDES OF STARS INVOLVED IN Emission NEBULOSITY 
IN MESSIER 33 


N.G.C, 588 N.G.C. 505 N.G.C. 604 
m M m M m M 
16.55 —5.55 16.6 Bak T5.75 | —6.35 
16.85 5.25 16.7 5.4 15.8 6.3 
07.5 4.6 16.8 5.3 15.9 6.2 
Ty —4.4 16.9 ea 15.95 6.15 
720 5.1 16.0 6.1 
2752 4.9 16.15 5.95 
E705 4.6 16.15 5.95 
17.6 4.5 16.3 5.8 
17.6 a5 16.45 5.65 
17.7 | —4.4 16.55 5-55 
16.55 5-55 
16.75 5-35 
16.8 ae: 
16.85 | —5.25 


* The table contains photographic magnitudes, both seen and 
absolute, of the brighter stars involved in three patches of diffuse nebu- 
losity having emission spectra, in the arms of Messier 33. The lists are 
complete to the faintest star measured in each group. 


These absolute magnitudes must be compared with those of the 
brightest blue giants known in other systems. The most recent 
estimates of mean absolute photographic magnitude for the blue 
giants in the galactic system are 


Bo (sharp lines) = —3.5 (Adams)3 
O (absorption lines) = —4.4 (Plaskett)4. 


I Mt. Wilson Contr., No. 241; Astrophysical Journal, 56, 162, 1922. 


2N.G.C. 592, the only other knot in the arms of Messier 33 which is catalogued 
separately, is an open group of stars with no trace of diffuse nebulosity. One star, 
about 15.5 and thus considerably brighter than the others, is red and may be a field 
star. The three next brightest, ranging from about 16.5 to 16.8, are of early types, blue 
or white. 


3 Mt. Wilson Contr., No. 262; Astrophysical Journal, 57, 294, 1923. 
4 Publications of the Dominion Astrophysical Observatory, 2, No. 16, 1924. 
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The original values, expressed in visual magnitudes, have been 
corrected for a mean color-index of —o.4 mag. in each case. Plaskett 
suggests a dispersion of the order of 3 mag. for the O stars, which 
would make the upper limit about —5.9, less than a half-magni- 
tude fainter than the brightest star in Table V. When we consider 
the influence of selection on the stars in the spiral, the probability 
that some of the brightest images are clusters rather than single 
stars,t and the uncertainty in the dispersion among the galactic 
stars, the discrepancy becomes unimportant, so that the two sets of 
absolute magnitudes may be regarded as comparable. The blue 
giants in Messier 33 therefore confirm the order of the distance de- 
rived from the Cepheids. 

Dimensions of the nebulosities themselves, measured on long 
exposures with the 1oo-inch reflector, together with the linear di- 
mensions in parsecs are as follows: 


Seconds of Arc Parsecs 
N.G.C. 588 BOD OS ereranpacmrcremar eee 40X30 
595 CPP ware er ene IELO Oo 70X40 
604 OSX SRS eee eee weitere 80X70 


The brighter portion of N.G.C. 604, in which the stars are closely 
crowded, is about 50”, or 65 parsecs, in diameter. These dimensions 
are comparable with those of the largest nebulae in other systems. 
N.G.C. 2070 in the large Magellanic Cloud is about 80 parsecs;? 
nebula No. III in N.G.C. 6822 is about 55 parsecs;3 and in the galac- 


« Groups of stars in Messier 33 one second (1.27 parsecs) or less in diameter would 
certainly appear as ordinary images of single stars on all but limiting exposures under 
excellent observing conditions, and hence would be counted as single stars. Groups of 
such dimensions are fairly numerous in the galactic system, especially among the blue 
giants involved in nebulosity. Within this limit, for instance, are included such aggrega- 
tions as five of the six brightest stars in the Pleiades, all the brighter stars in the Orion 
nebula, the major portions of the clusters in Messier 8 and N.G.C. 2237, and such 
multiple stars as those in Messier 20 and N.G.C. 281. Phenomena of a similar nature 
would readily account for several of the excessively bright objects listed as single stars 
in Messier 33, especially among those in the crowded cluster involved in N.G.C. 604. 
The excess of very bright stars, all apparently blue, over those to be expected from an 
analogy with Kapteyn’s luminosity function also can be explained, in part at least, 
along these lines. 


2 Shapley, Harvard College Observatory Bulletin, No. 816. 
3 Mt. Wilson Contr., No. 304; Astrophysical Journal, 62, 409, 1926. 
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tic system the great exterior loop in the constellation of Orion is 
about 4o parsecs in diameter. 

Among the diffuse nebulae in the galactic system, the following 
relation has been established for measures on Seed 30 plates ex- 
posed sixty minutes with a reflector of focal ratio 1:5, 


m+5 log a=11.1 
Mean deviation= 0.8, 


where m is the apparent photographic magnitude of the associated 
star or group of stars and a is the angular distance, in minutes of 
arc, to which the luminous nebulosity can be traced.? For the 
nebulae in Messier 33, using integrated magnitudes from Table V 
and measuring the extent of the nebulosity from the center of gravity 
of the stars, we find 


m a m+s log a 
INEGE CBS ercreiere-s siaererciens Troe o!I5 tied 
ROG aalnsreeree wo eh isin 14.6 0. 33 522 
GOA siete c. cvsrne:s'5 55 Tene 0.5 imal 
INES eres or ol aig ISO. OLl arate ac 11.8 


These results are sufficiently consistent with the foregoing rela- 
tion to support the assumption that the stars and nebulae in the 
spiral are similar to those in the galactic system. 


LUMINOSITY FUNCTION 


In order to determine the upper limit of luminosity for the stars 
in Messier 33, counts were made over three areas, each about six 
minutes of arc square, centered on the nucleus and on points six 
minutes north and eight minutes south, respectively. The sum of 
the areas is 107 square minutes of arc, which was estimated to con- 
tain about one-fifth of the stars in the nebula. The same method 


t Measured on long exposures with small cameras. The original plates are in the 
Mount Wilson collection. 
2 Mt. Wilson Contr., No. 250; Astrophysical Journal, 46, 400, 1922. 
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was employed as in making counts’ in N.G.C. 6822, the final results 
being expressed as numbers of stars in successive intervals of appar- 
rent photographic magnitude. Field stars were eliminated by means 


TABLE VI 


LUMINOSITY FUNCTION FOR MESSIER 33 


Normal 


m)* M 
Pg. Mag. eee Ga) ee co 33 yell M 
30°5 
TOS 2—LOs Ou ever pies atte 990 16 —3.0 
TSIG-TS. Jeoesine se swtens 540 14 233 
ES GES A oor ria oc aule a 340 12 3.0 
TSS3—LGsTi oye ee eles ives 265 Be) 3-9 
TBSO-T 7. Oe a palas aileniee 233 9 4.2 
LY (A fo RCE PN OO OIE IIo 8 4.5 
C7 ATs Dow a pieal crate od 45 7 4.8 
Oy BA teed 8 8 8 cis cnc ica 20 6 Sous 
TOC o—TOVO a. pfaesiaa ces ee 25 5 5.4 
TO Sale Se ona a slaw a 17 ASS rey) 
TO G2-TO. Oyo cece uerce tet 10 Bus 6.0 
TS Oe ea i on Eee 4 2.9 6.3 
TSIORTS SA aes. Satie ae te 6 2-4. 6.6 
TeV AL eit sarah 2 2.0 6.9 
TRO TA RO on hist asin was 3 Tey, he) 
DAS TTA, atin, viene oie arbi I I.4 —7.5 
TARA LA UE. ahieersic a sukieieiers I Tel of te | eterna a ste leterncnsrcerans - 
TA Sek Stl acs ccete aiers ale eid ere I OT me» CORE ME te orctataretavensl| sxopeleketeretetele 
ne Peace AS eae 2 277 hi WE Bi sys ose teteeerste crenemerereteeto) 
1 a, Se eer ae 2 257 | MPSTS5 (eas are clamierellisteomretneys a0 
TACaaes) Ome sien vase teat 2 SA THO) Ae itearetercterceilaxeeetera terete 
T2cO-bO Tune a seats ° fe (teats | boson coc mannoseads 
1 ARG ae pel, > Se ey ee, ° eR |. ee OTS ores ckatoverors'| ciaceeera ae otetete 
EAE aan OG ga eariree Fees. ° ed Weed ee | DP or Aris GA Teor bo 


: * ¢(m) represents the numbers of stars in successive intervals of apparent photographic magnitude 
in a portion of Messier 33. The intervals are 0.3 mag., and the area over which the counts were made is 
estimated to include about one-fifth of the stars in the nebula. 


1 ¢(M) gives the numbers of stars in successive intervals of absolute visual magnitude in a volume of 
space 3.6 X108 cubic parsecs in which stars are distributed according to Kapteyn’s luminosity function for 
the vicinity of the sun. The intervals are the same as for ¢(m), namely, 0.3 mag. The median absolute 
magnitudes of the intervals in both functions are given in the last column. These are visual for Kapteyn’s 
function and photographic for that of the nebula. The latter absolute magnitudes are based on the distance 
indicated by the Cepheids. 


of the stellar distribution tables recently published by Seares and 
van Rhijn.? 

The data are collected in Table VI and are represented dia- 
grammatically in Figure 6. The results for the brighter stars have 
little weight because of the small numbers in so restricted an area, 

* Mt. Wilson Contr., No. 304; Astrophysical Journal, 62, 409, 1926. 

* Proceedings of the National Academy of Sciences, 11, 358, 1925. 


IIo 


THE SPIRAL M33 AS A STELLAR SYSTEM 29 


but it is evident’ that the stars in the nebula begin about 15.5 mag. 
For the distance derived from the Cepheids, this corresponds to an 
absolute magnitude of —6.6. 


Absolute mag. 


800 


600 


200 


16.0 I7.0 18.0 19.0 
Apparent pg. mag. 


Fic. 6.—Luminosity function for the brighter stars in Messier 33, compared with 
Kapteyn’s luminosity function. 


Such a value for the upper limit of stellar luminosity is consistent 
with the conception of Messier 33 as a great isolated system, and is 


t There are about six stars between 13.0 and 15.5 in excess of the number to be 
expected from the distribution tables. These are readily explained as accidental devia- 
tions incident upon the restricted areas counted, or resulting from the counting of close 
groups as single stars; but it is possible that they may indicate the presence of a few 
extremely luminous stars in the nebula. More extensive counts will be required in 
order to settle the question. 2 
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comparable with the corresponding limits for other systems.’ The 
brightest Cepheid, at maximum, is about 2.5 mag. fainter than this 
limit and, indeed, has been outshone by several of the irregular 
variables. One of the latter, No. 2, practically reached the limit 
when, during the recent maximum, it attained an absolute magni- 
tude of —6.55. Among the stars of constant luminosity, the five 
brightest of the blue giants in N.G.C. 604 are all within a half- 
magnitude of the limit. 

The nucleus, if it were truly stellar, would be an exception. The 
apparent magnitude is about 14.1, or —8.o absolute. Since the 
spectral type is G5, the absolute visual magnitude, —9.0, would 
rival that of S Doradus in the large Magellanic Cloud: The image 
of the nucleus as shown on short exposures is not sharp, however, 
and suggests a small, highly concentrated globular nebula rather 
than a star. This is consistent with the behavior of nuclei in other 
spirals, among which the only ones that appear to be truly stellar 
have planetary spectra.’ 

The plot of the luminosity function, shown in Figure 6, exhibits 
a striking similarity to the corresponding section of Kapteyn’s 
luminosity curve for stars in the vicinity of the sun, even though the 
latter is expressed in visual magnitudes, while the former is photo- 
graphic. Kapteyn’s function’ is drawn as a dotted curve. The minor 
discrepancies between this and the full broken line, representing the 
data for Messier 33, can be explained partly as due to clusters in the 
nebula having been counted as single stars of higher luminosity and 
partly on the assumption, for which observational evidence will be 
adduced in the following section, that the brightest stars in the 
nebula are blue, and that the mean color-index increases as the mag- 
nitudes grow fainter. 


* Upper limits of luminosity for other systems, in photographic magnitudes, are 
as follows: galactic system, —5.5 (brightest reliable measure, 8 Orionis); large Magel- 
lanic Cloud, —8.0 (Harvard Circular, No. 271); small Magellanic Cloud, —4 to —7 
(ibid., No. 260); N.G.C. 6822, —5.9 (Mt. Wilson Contr., No. 304); and globular clusters, 
—4.0 (Proceedings of the National Academy of Sciences, 6, 293, 1920). 

?N.G.C. 4051 and 4151 are examples. The emission spectra are confined to the 
nuclei and do not represent the light from the body of the nebulae. 


3 The data are found in Mt. Wilson Contr., No. 229; Astrophysical Journal, 55, 
242, 1922. 
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Since the star counts are estimated to include about one-fifth of 
all the stars in the nebula down to the limit of the counts, the volume 
coefficient applied to Kapteyn’s function as shown in Figure 6 must 
be increased fivefold in order to include all the stars in the nebula 
in the successive intervals of absolute magnitude. The resulting 
value is 1.8 X 10° cubic parsecs. 

The integration of Kapteyn’s function over the entire range of 
magnitudes gives a space density of 8.16 absolute visual magni- 
tudes per cubic parsec.t For the volume coefficient corresponding 
to the counts in Messier 33, the total magnitude would be 


8.16—2.5 log (1.8 10°) = —15.0 (absolute) 
22.I—1I5.0= 7.1 (apparent) . 


The apparent visual magnitude of the spiral has been measured 
by Holetschek? and by Kritzinger,’ and both find the same value, 
7.0. This excellent agreement immediately suggests that the similar- 
ity between Kapteyn’s luminosity function and that for the stars in 
Messier 33, although actually observed for only the three brightest 
magnitudes, extends throughout the range of magnitudes significant 
in determining integrated luminosities. The lower limit of this range 
is about the fourth absolute magnitude.‘ Fainter stars contribute 
less than o.2 mag. to the total luminosity. 


t Seares, Mt. Wilson Contr., No. 191; Astrophysical Journal, 52, 162, 1920. 

2 Annalen der Wiener Sternwarte, 20, 1907. 

3 Sirius, 48, III, 1915S. 

4In a system of stars whose luminosities are distributed according to Kapteyn’s 
function, the luminosity contributed by stars fainter than magnitude M, expressed as 
a correction which must be applied to the result of integration over the range —« to 
M in order to obtain the total magnitude of the entire system, is as follows: 


M Correction | M Correction 
| 

a OO OG Oe 3.52 mag. | t= Bite ole e sisie » 0.32 mag. 
Dcleabicaerenie 2.65 Binh cse ease 17 
pee ee eyaie wraraia 1.93 ecm ocean .08 
Otidencoees ¥.45 Odswntteteaer .036 
Se oe 0.90 Hee Ficroraeteiereraters .013 
a Giasteiessie's 0.56 | Ce Ran Ronee 0.004 


For stars fainter than about M=8, Seares (Mt. Wilson Contr., No. 273; Astrophysical 
Journal, 59, 310, 1924) has shown that Kapteyn’s function does not represent the 
observed distribution in the vicinity of the sun. Probable differences for this part of 
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The total luminosity of the spiral is thus fully accounted for on 
the assumption that it is a system of stars, the ten brightest magni- 
tudes of which are distributed in a manner similar to that observed 
in the neighborhood of the sun. This assumption is supported by the 
directly observed similarity in the distribution of the three brightest 
magnitudes. It is tempting to extrapolate and argue that, since the 
ten brightest magnitudes appear to be similarly distributed in the 
two systems, the fainter magnitudes also should conform. There are, 
however, no observational controls for such a venture. Even the 
first assumption is by no means established. For instance, it might 
well be suggested that stars beyond the limits of observation are 
entirely lacking and that the luminosity which would otherwise be 
derived from them is supplied by true nebulosity which would ulti- 
mately produce the stars. This, of course, would be a forced inter- 
pretation, but would conform, in a measure, to current speculations 
on the evolution of spirals. 

The volume of space filled by Messier 33 can be approximately 
derived by considering it as an ellipsoid of revolution with the minor 
axis one-tenth the major axis. The true form is probably a lens 
shape, but the order of the volume can be obtained on the simpler 
assumption. Since the maximum diameter is about sixty minutes 
of arc and the linear scale, at the distance indicated by the Cepheids, 
is 1’ =1.27 parsecs, the volume will be of the order of 


42r(2.3)3X 108= 5 X 10? cubic parsecs. 


This is about three times the volume coefficient derived by adjusting 
Kapteyn’s luminosity function to fit the star counts in the nebula. 
It indicates that the average space density for the nebula as a whole 
is about one-third that in the vicinity of the sun, or about 9.26 abso- 
lute visual magnitudes per cubic parsec. The space density in the 
nuclear region and in the arms would, of course, be much greater. 

An approximation for the mass of the spiral can be obtained from 
the difference in the radial velocities of the nucleus and the patch 


the curve have, however, no appreciable effect on the integrated luminosity. When 
stars no fainter than M=1s are considered, the radically different form of the function 
which Seares has suggested for the faint stars corresponds to a difference in the inte- 
grated luminosities of less than 0.002 mag. 
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of emission nebulosity, N.G.C. 604, some 700” from the nucleus in 
the general direction of the major axis. The measures are 


Km/sec. 

INTICIEUSt tren eens coe ee — 40 
INE GHGS 00424 eens es —270 
Ditierence so eee os 200 


The ratio of minor to major axis appears to be about 2:3; the 
tilt is therefore about 42°, and the differential velocity of 200 km/sec. 
can be interpreted as the radial component of a linear velocity of ro- 
tation about the nucleus of 


200 sec 42°= 270 km/sec. 


This corresponds to a period of rotation of the order of twenty 
million years at a distance of 1.83 X10° astronomical units from the 
nucleus. The mass within this orbit, in terms of the sun’s mass,3 
will be 
Mo a ee : 
P 

The additional mass for the outer regions is probably less than 
the errors involved in the determination. 

The mean density on these assumptions is approximately 3© 
per cubic parsec, or about twenty times that in the vicinity of the 
sun. This suggests the possibility of large quantities of non-luminous 
material in the central region of the nebula, but until more accurate 
data are available no emphasis can be placed on the numerical 
values. The method employed in calculating the mass is very sensi- 
tive to errors in the radial velocities—the mass varying directly 
with the square of the linear velocity of rotation. The radial velocity 


t Pease, Publications of the Astronomical Society of the Pacific, 28, 33, 1916. 

2 Mean of two determinations, by Pease and by Slipher. One, —278 km/sec., is 
given in the paper just cited; the other, —260 km/sec., is quoted by Strémberg, M¢?. 
Wilson Contr., No. 292; Astrophysical Journal, 61, 353, 1925. 


3 When the distance from the nucleus, a, is expressed in parsecs, and the linear 
velocity of rotation, v, in km/sec., then 1 © = 235 av. The mass varies directly as the 
distance from the observer and as the square of the linear velocity. Due to the uncer- 
tainty in the latter quantity and the possibility that something more is observed than 
simple rotation around the nucleus, the computed mass may be in error by as much as 
a factor of 10. 
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of N.G.C. 604 was derived from narrow emission lines and should 
be fairly reliable. That for the nucleus," however, depends upon three 
absorption lines measured on a single plate of very small dispersion, 
—o.g mm from Hy to K. The result represents only the order of the 
velocity, and the probable error is a large fraction of the difference 
between the velocities of the nucleus and N.G.C. 604. Moreover, it 
is by no means certain that even an accurate differential velocity 
would represent merely the line-of-sight component of rotation about 
the nucleus. 


COLORS OF STARS IN MESSIER 33 


Some information concerning the colors of the brighter stars in 
Messier 33 has been derived from isochromatic plates exposed 
through a visual color-filter. One of these, an exposure of three 
hours with the roo-inch reflector, shows stars which are estimated 
to be fainter than the eighteenth photovisual magnitude, including 
many of the Cepheids. Comparisons on the blink-comparator with 
appropriate direct exposures suggest that most of the brighter stars 
in the nebula are white or blue. The conclusion is based on the differ- 
ences in the photovisual images of stars of approximately equal 
photographic magnitudes. For example, in the central region of the 
nebula, twenty-eight stars have photographic magnitudes between 
16.5 and 17.5. On the plates examined, twenty-five of these show 
photovisual images that are comparable with the photographic 
images, while the remaining three stars have much larger photovisual 
images. From the well-determined photographic scale, which in this 
region appears to be not very different from the photovisual, the 
color-indices of the three outstanding stars were estimated to be 
about a magnitude greater than those of the other twenty-five. 
Moreover, two faint stars in the immediate neighborhood, having 
conspicuous proper motions,’ are obviously much redder than the 


Six stars within 11’ of the nucleus show conspicuous proper motions on the 
blink-comparator on plates of fifteen years’ interval made with the 60-inch reflector. 
The photographic magnitudes of two have been measured as 17.3 and 18.25, the proper 
motions being of the order of 13” and 10” per century, both toward the south-following 
quadrant. The brighter of these is No. 367 in van Maanen’s measures of Messier 33 for 
rotation (Mt. Wilson Contr., No. 260; Astrophysical Journal, 57, 264, 1923). The mag- 
nitudes of the other four are estimated to be 14.2, 15.8, 16.4, and 17.8, with proper 
motions between 5” and 10” per century. 
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three just mentioned. The most reasonable interpretation of these 
observations is that the proper-motion stars are red dwarfs, that the 
three exceptional stars are yellow, and that the twenty-five other 
stars are white or blue. Moreover, since faint stars of early spectral 
types are extremely rare in this galactic latitude, it is probable that 
such stars belong to the nebula. 

Although it has not yet been possible to calibrate the photo- 
visual plates by direct comparisons with the polar sequence, an 
approximate reduction curve, connecting photovisual magnitudes 
with scale measures, has been constructed by correcting the photo- 
graphic magnitudes for color-indices corresponding to known or prob- 
able spectral types. For the bright end of the curve, the nucleus it- 
self and a star 1/8 north following were used. Photovisual magni- 
tudes of 13.1 and 12.3, respectively, were derived from the observed 
spectral types G5 and F8. Seven Cepheids gave a point for the 
faint end at about 18.3. A mean spectral type of Go was assumed, 
in accordance with data from spectrograms of sixteen typical galac- 
tic Cepheids having periods ranging from ten to twenty-seven days 
with a mean of about seventeen days. The mean period of the seven 
Cepheids in Messier 33 is twenty-three days, but this larger value is 
balanced, to a certain extent, by the fact that most of the Cepheids 
were observed near maximum. The midpoint of the curve, the most 
important for the present purpose, depends upon a single star. This 
has a proper motion of the order of 10” per century and a photo- 
graphic magnitude of 18.25. It is obviously very red, and has been 
assumed to be a dwarf M with a color-index of +1.8. It is improb- 
able that the color-index is greater than this amount, and hence the 
photovisual luminosities derived from this region of the reduction 
curve, together with the resulting color-indices, can be considered as 
upper limits. 

By means of the reduction curve, color-indices have been de- 
termined for one hundred and ten stars, all but one’ of which are 
within 2’ of the nucleus. The results are exhibited in Figure 7, where 
color-indices are plotted against photographic magnitudes. The data 
are practically complete to the eighteenth magnitude. The dotted 

« The exception is the faint proper motion star used in determining the reduction 
curve. It is about 2/2 south preceding the nucleus, and is identified on Plate XV. 
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curve represents the minimum values of color-indices for stars of 
corresponding magnitudes in the polar sequence. Since the galactic 
latitude of the pole is only 2° less than that of the spiral, it is reason- 
able to assume that field stars will be confined to the region above 
the dotted line in Figure 7. This region includes nine stars brighter 
than the eighteenth magnitude, one of which, the irregular variable 
No. 13, 17.85 mag., +0.8 color-index, certainly belongs to the nebu- 
la. The number of field stars to be expected on the basis of the mean 
distribution tables of Seares and van Rhijn? is seven. 

The restricted area and the small number of stars do not permit 
definite conclusions to be drawn from this close agreement. The in- 


Fic. 7.—Color-indices (ordinates) of stars in the central region of Messier 33. 
The dotted line indicates the probable minimum color-index of stars outside the nebula. 


dications are, however, that all the stars brighter than the eighteenth 
magnitude, having color-indices less than, say 0.5 mag., belong to 
the nebula. Moreover, no star, excepting the variable, brighter than 
this limit, with a color-index greater than 0.5 mag., can with cer- 
tainty be assigned to the central region of the nebula. The mean 
color-index of the stars assigned to the nebula is slightly negative, 
but since this probably represents an upper limit, the stars may 
actually be blue giants. It is possible that the brightest red stars in 
the spiral are all variables. 

These results, although approximate and possibly subject to seri- 
ous errors and limitations, are sufficient to differentiate the brighter 
stars in the central region of Messier 33 from those in the globular 


* Seares, Mt. Wilson Contr., No. 81; Astrophysical Journal, 39, 361, 1914. 
* Mt. Wilson Contr., No. 301; Astrophysical Journal, 62, 320, 1925. 
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clusters and in the irregular nebulae such as N.G.C, 6822, and prob- 
ably from those in the Magellanic Clouds, all of which appear to be 
red. This contrast, which may be important, invites speculation on 
the larger problems of cosmic evolution. 

In this connection, attention may be called to Seares’s results' 
on the distribution of colors in Messier 51, 94, and 99. These are all 
well-developed spirals in which the arms are partially resolved into 
stars. The central regions of unresolved nebulosity (and also the 
amorphous mass at the end of an arm of Messier 51) were found to 
be much redder than the outer arms. Messier 33 exhibits the same 
phenomenon. The unresolved nebulosity around the nucleus is much 
stronger on photovisual than on unfiltered plates, as compared with 
star images both in the central region and in the outer arms. This 
agrees with the fact that the nucleus and the surrounding remnant 
of apparently unresolved nebulosity give a spectrum of the solar 
type, while the brighter stars have no appreciable color-index. The 
contrast in color between stars and nebulosity is in harmony with 
Seares’s results for the other spirals, which in turn suggest that 
there is no conspicuous difference in color between the brighter stars 
in the central region and those in the outer arms of spirals. An in- 
spection of the images in the arms of Messier 33 appears to support 
this latter suggestion, but, since the photovisual exposures were cen- 
tered on the nucleus, the aberrations of the images in the outer 
regions prevented any reliable quantitative conclusions. 

The observational data are insufficient to determine whether the 
unresolved central nebulosity with its solar type spectrum and con- 
siderable color-index is actually amorphous nebulosity or a cluster 
of faint stars. If the latter is the case, the color-indices must be 
assumed to increase as the luminosities of the stars decrease, after 
the manner of stars in the galactic system. It is well known, how- 
ever, that spirals can be arranged in a series in which the arms build 
up at the expense of the unresolved nuclear region, unwinding and 
breaking up into condensations as they grow. The nuclear region of 
such late-type spirals as Messier 33 can be thus considered as the 
remnant of much larger central masses, such, for instance, as seen in 
Messier 31 or N.G.C. 4594. The nuclear regions of these in turn are 

t Proceedings of the National Academy of Sciences, 2, 553, 1916. 
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almost indistinguishable from the elliptical nebulae (possibly pre- 
spiral forms) such as N.G.C. 3115 and Messier 32. In all these 
cases, the apparently unresolved nebulosity is associated with ap- 
proximately solar-type spectra and appropriate color-indices. Even 
in Messier 31, however, which is highly resolved in the outer arms, 
the nuclear region shows not the slightest trace of resolution with the 
too-inch reflector working under exceptionally fine observing con- 
ditions. 


CONCLUSION 


The present investigations indicate that Messier 33 is an ex- 
tremely distant system of stars and nebulae, similar’in many re- 
spects to the Magellanic Clouds. It differs, however, in two impor- 
tant characteristics: The great majority at least of the brightest 
stars are of early spectral types, and there is a symmetrical arrange- 
ment of material with respect to a dominating nucleus. Detailed 
study of the stars within the limits of observation—the three or 
four brightest magnitudes—indicates that they are normal giants 
such as are known in other systems. The application of all available 
criteria leads to this one interpretation of the data. 

The distance, derived from the period-luminosity relation ap- 
plied to thirty-five apparently normal Cepheids, is about 8.1 times 
that of the small Magellanic Cloud, or, using Shapley’s distance for 
the latter, about 263,000 parsecs. The order of this distance is con- 
firmed by evidence from independent sources—novae, emission 
nebulosity with blue stars involved, and the luminosity function, 
The distance being known, the apparent dimensions of the spiral 
can be converted into absolute dimensions, assuming the form, from 
analogy with other spirals, to be lenticular, with a minor axis about 
one-tenth of the major axis. These dimensions are listed in Table 
VII with those of the two Magellanic Clouds for comparison.” 

It is evident that Messier 33 must be considered as comparable in 
size with the Clouds rather than with the galactic system. It is not, 
however, of an entirely different order from the latter, and, in this 
connection, it may be mentioned that in size the other great spiral, 
Messier 31, occupies an intermediate position. Including the Magel- 


*Mt. Wilson Contr., No. 304; Astrophysical Journal, 62, 409, 1926. 
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lanic Clouds, which are most readily interpreted as irregular non- 
galactic nebulae, five systems are now known which are believed 
to be distinct from the galactic system. The diameters range from 


TABLE VII 


ABSOLUTE DIMENSIONS OF MESSIER 33 AND THE MAGELLANIC CLOUDS 


MAGELLANIC CLOUDS 


MESSIER 33 
Large Small 
Distances esac see ac 263,000 34, 500 31,600 
Total magnitude..... —15.1 pv.f —106.5 pe. —I5.5 pg. 
Diameters. ee tana 4000 4300 2000 
Wellitita. sboasoaden ac 5 X109 4.2X 10% 4.2109 
Wensitvaccserrasne ne « 9.3 10.0 8.5 


_* Distances and diameters are expressed in parsecs, volumes in cubic parsecs, and 
densities in absolute magnitudes per cubic parsec. 
+ The total magnitude of Messier 33 is expressed in visual absolute magnitudes, but, 


since the brighter stars in the spiral are white or blue, it is thought that the total photo- 

graphic magnitude will not be very different. 
1250 parsecs for N.G.C. 6822 to about 14,000 parsecs for Messier 31. 
The ratio is about 1 to 11. The multiplication of the dimensions of 
Messier 31 in the same ratio would include the galactic system, even 


as outlined by the globular clusters. 
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A SPECTROGRAPHIC STUDY OF MIRA CETI 
By ALFRED H. JOY 


ABSTRACT 


Spectral variations —131 spectrograms taken with the 60-inch and roo-inch re- 
flectors cover the whole range of the star’s variation during the last ten years. Spectral 
changes are recurrent. The titanium bands vary with magnitude (Table III). Bright 
lines of ionized iron are seen near maximum. Although at minimum there are no emis- 
sion lines, bright hydrogen lines appear soon after and have their greatest intensity 
near maximum. Low-temperature emission lines of iron, magnesium, and silicon ap- 
pear after maximum is well past. The weaker absorption lines fade out at minimum. 
Spectral changes depend mostly on the magnitude of the star. 

Absorption spectrum.—Measures of individual lines of band structure show that 
the bands give the same velocities as the absorption lines. Seven new titanium oxide 
bands to the violet of \ 4354 have been identified by laboratory comparisons. The ab- 
sorption lines belong to temperature classes I and Il. The most prominent elements are 
iron, vanadium, chromium, manganese, calcium, and magnesium. Titanium lines are 
weak. Radial velocity measures give a curve (Table VI) which is represented by ellip- 
tical elements. 

Emission lines—The bright lines measured are given in Table VIII; the probable 
identification of 32 of these lines is in Table X. Estimates of the intensities at different 
phases have been made for 36 of the stronger lines (Table IX). The emission lines give 
a velocity curve (Table XIV) which shows outward motion relative to the absorption- 
line curve except at minimum, when the difference is zero. The maximum difference is 
19 km/sec. at phase 56 days. The velocities of both bright and dark lines are the same 
at recurring cycles (Table XVII). The intensities of the bright lines at maximum de- 
pend on the magnitude of the star (Table XIX). At the unusually faint maximum of 
1924 several peculiar features were noted in the region \ 4584-\ 4905, which, in part, 
are tentatively attributed to magnesium hydride. 

Physical conditions ——The spectroscopic absolute magnitude at the normal maxi- 
mum of magnitude 3.5 is estimated to be —o.3, corresponding to a parallax of o’or7. 
From the angular diameter of o%056 measured with the interferometer, the linear 
diameter is found to be 490,000,000 km, and the surface brightness 7.5 mags. fainter 
than the sun. Foran assumed mass 5 times that of the sun the density is 1.1 X 10-7, and 
the surface gravity 4X 10—5, that of the sun. The temperature is estimated to vary from 
2300° to 1800° K. The observed bolometric variation in energy of about one magnitude 
agrees with the observed variation in visual magnitude, when account is taken of the 
shift in the energy-curve toward the red for these temperatures, and the excessive ab- 
sorption of the titanium oxide bands at minimum. 

The visual companion.—The spectrum of a companion was seen on plates taken 
near minimum. Its approximate position was determined from the spectrograms. 
Later its presence was confirmed visually by Aitken. In 1923 the magnitude was 9.8, 
but it seems to be a variable. It has an early type spectrum with bright lines of hydro- 
gen, helium, and ionized iron and calcium. No absorption lines are present except those 
connected with emission bands of the hydrogen series. The violet component of the 
hydrogen lines is affected by the variation of both stars. 

Discussion—The application of recent results to the problem of the variation of 
Mira and similar stars is briefly discussed. 


The purpose of this contribution is to give a summarized descrip- 
tion of the extraordinary changes which take place in the spectrum 
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of the long-period variable o Ceti, to extend the material published 
in several papers’ by Adams and the writer, and to give the results 
of further study of the spectrograms of the star made with the 60- 
inch and 1oo-inch reflectors during the years 1916-1925. 

Mira is the brightest and the best-known star of its class. In 
most respects its behavior is typical. The long-period variables are 
distinguished by periods averaging about 300 days. Most of them 
have M-type spectra with emission lines, particularly of hydrogen. 

Since the discovery of its variation in 1596, the light changes in 
Mira have been followed with very few interruptions. The mean 
period is 330 days, but the interval from maximum to maximum may 
vary by as much as 30 days. The magnitude at maximum is nor- 
mally about 3.5, with extremes of 1.5 and 5.6. The minimum is also 
uncertain, varying from 8.0 to 10.0, but most frequently is about 9.2. 
The red color of the variable has made the estimates of its brightness 
somewhat uncertain, especially at minimum phase. 

A number of observers have studied the spectrum of the star at or 
near maximum. Stebbins? in his extended research in 1903 was able 
to follow it to lower magnitudes, but the faintness of the star at 
minimum phase made it impossible at that time to secure satis- 
factory spectrograms. 

Observations were begun at Mount Wilson in 1916, primarily to 
note the effects of changing absolute magnitude on the spectrum. 
As observations continued, points of astrophysical interest de- 
veloped which had not previously been considered in full, so that it 
was deemed advisable to try to cover the whole cycle of variation. 
Accordingly more time has been devoted to this star than to any 
other thus far observed spectroscopically at this Observatory. 

The completion of the roo-inch reflector in 1919 made it possible 
to secure spectrograms at minimum with sufficient dispersion to 
study the velocity variation of bright and dark lines throughout the 
period, as well as to note numerous other data bearing on the physi- 
cal conditions in and about the star. The intrusion of a secondary 


* Publications of the Astronomical Society of the Pacific, 29, 112, 1917; 30, 193, 1918; 


32, 163, 1920; 33, 107, 1921; 35, 168, 1923; 36, 290, 1924. Publications of the American 
Astronomical Society, twenty-ninth meeting, p. 14, 1922; thirtieth meeting, p. 64, 1923. 


* Lick Observatory Bulletins, 2, 78, 1903; Astrophysical Journal, 18, 341, 1903. 
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spectrum at minimum led, in 1920, to the consideration of the 
existence of a faint companion,’ and to its visual detection? in 1923. 


I. THE GENERAL COURSE OF THE SPECTRAL VARIATIONS 


The major physical processes taking place in the star seem to 
repeat themselves without essential change in succeeding cycles of 
its light variation. The outstanding features of the spectrum depend 
for the most part upon the magnitude of the star as well as upon the 
phase. 

At maximum the star is of spectral type Ms—M6, with strong 
bands of titanium oxide and sharp hydrogen emission lines. The 


Mag. 


i JUS EE eae aeeaewas 


4o 120 240 280 days 


Fic. a, Pan of Mira from observations of the American Association of 
Variable Star Observers. 


bright lines of hydrogen have their maximum intensity at or soon 
after the maximum of light. They are accompanied by faint emis- 
sion lines of ionized iron. The appearance of most of the other bright 
lines is delayed for three or four months until the star has reached 
fainter magnitudes. 

When the star is fainter than the eighth magnitude the bright 
lines of the companion are well seen and its continuous spectrum 
shows sufficient strength to give the combined spectrum a curious 
distorted effect which is especially noticeable in the region of the 
bands. As the brightness diminishes the bands increase in strength 
and the absorption lines fade until at minimum only a few lines can 

t Publications of the American Astronomical Society, twenty-ninth meeting, p. 14, 
1922. 

2 Aitken, Publications of the Astronomical Society of the Pacific, 353323511023" 
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be seen. Certain lines of chromium, calcium, and vanadium seem 
to be the most persistent. The strong calcium line at \ 4226 under- 
goes a tremendous change, reaching a width of about 25A at 
minimum. 

The sharp emission lines of hydrogen disappear at about magni- 
tude 8.5 and reappear at about the same brightness on the rising 
branch of the light-curve. There are numerous other emission lines, 
mostly sharp in character like the hydrogen lines, the time of whose 
appearance is apparently determined by their temperature class. 
The silicon lines \X 3905 and 4103 are seen near maximum, but the 
extremely low-temperature magnesium line \ 4571 is not found until 
a magnitude of 5.5 is reached about 80 days after maximum. All 
bright lines disappear at minimum, or very soon after, so that during 
an interval of 20-40 days soon after minimum no emission lines 
whatsoever are given out by the variable itself. 


2. THE OBSERVATIONS 


The observations have extended over a sufficient length of time 
to be fairly representative of the spectrographic behavior of the 
star. All portions of the light-curve have been covered. The 
maxima observed have varied from 2.8 in 1923 to 4.7 in 1924; the 
extremes of minima were 9.4 in 1921 and 8.5 in 1922. 

In general the spectrograms were taken with a single prism and 
an 18-inch (46 cm) camera at the Cassegrain focus of the 60-inch 
and roo-inch reflectors. The usual dispersion was about 35 A to the 
millimeter. In a few cases a 40-inch (102 cm) camera was used near 
maxima, and cameras of 7 and to inches at the fainter minima. 
When possible the exposures were timed to show the continuous and 
dark-line spectrum rather than bright lines only. The plates have 
been made by a number of observers to whom much credit is due for 
the results obtained. Some of the spectrograms taken at minimum 
of light during the poor observing conditions of winter were particu- 
larly difficult to obtain. 

The magnitudes used in this discussion are based on curves 
generously furnished from the Harvard College Observatory by Pro- 
fessors Bailey and Shapley and on observations published by the 
American Association of Variable Star Observers. The brighter mag- 
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nitudes agree closely with the estimates published in the Asiro- 
nomische Nachrichten by Nijland, but those below 7.5 are system- 
atically brighter, chiefly because of the different system of magni- 
tudes for the comparison stars adopted by Nijland. 

The dates of observed maxima and minima for the years in ques- 


tion are given in Table I. 
TABLE I 


Maxima AND MINIMA 


Maxima Minima 
Mag. Observed Date ee O-C Mag. Observed Date 
BS ae erences 1916, Nov. 14 | Nov. 16 sare Ve Ue | ater nceseee al Oe Oe i Coa 
FLO) hie sO ee Tor7,,Octs xT | Oct) r2 cae Ramat | [OR pacar neem NAS] ROOM ceo oer 
Bir Rataaay siany edo 1918, Sept. 20| Sept. 7 apres Hil crcl eeciate sim feretNl pet cts et rereuee oe 
Bea eren thts icine 1919, Aug. 6| Aug. 3 ar S Cah OIC teenie 1920, Mch, 21 
Bae tess 3 als 1920, June 30] June 28] + 2 Din Aiete rans tater: 1921, Jan. 27 
crs s lens [ihe Sheree ees okeratts IMAVe2dy |S aecres [LOU Sesser s| COLT RCC oS 
SDRC ON RT ER CTE AUT SLO: | envewer ei eile oa 5 cert sisisioe eco Zee INO VeRO 
A meters ercliveies 1923, Mch. 6} Mch. 15 — 9 Qreinraeneers 1923, Oct. 6 
JURA Ou ORE eM to24, Heb= 1 | Beb. .& | — 7 Quest hive eee < 1924, Sept. 1 
Cr Rtol en Rech ee OA 1925, Jan. 4| Jan. 3 + 1 nd scien’ 1925, Aug. I 
Shee en ween chee 1925, Dec. 4] Nov. 29 ata hRr @ ull ster cueliedeyerecctenelc'| tae coe cate eitcerete 


The question of phase in a case of this kind is a difficult problem, 
and thus far no adequate method has been suggested by which ob- 
servations made in different cycles can be satisfactorily combined. 
Some have taken as phases proportional parts of the time actually 
elapsing between maxima and minima or between one maximum and 
the next. In this discussion of o Ceti, where the irregularities are 
small as compared with the whole period and where phases are used 
chiefly in connection with radial velocities which, at best, have a 
large probable error, the use of a mean period has seemed admissible. 
All phases given in this paper are based upon maxima determined 
from the mean elements 


Max. = 2421184 330 days. 


These elements give the calculated maxima of Table I. It will be 
observed that the deviations of the observed maxima from the calcu- 
lated values do not exceed 13 days. 

Table II is a list of the 131 spectrograms of o Ceti used in this 
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TABLE II 


eS. 


= 


PLATE DATE ae Mac. | PHASE | SPECTRUM 
1916 
5252. Nov. rr | 1179 | 3.7 | 325 (M7 
PARSE ae T2 | TIGo0s| “327 326 7. 
S200 cr rien Decr | 1203 Site 19 7 
IQI7 
SALAS ats Jan. 4 | 1233 4.4 49 7 
BAGO sete Tol et200n ls .2 76 8 
Bung ae Feb. «x | 126 5.3 ENE Xe 
CERO E200) 1 55 85 8 
Orson Mich: i318 |/r2or. |) 0.520) 1o7 7 aes 
OT20;'05 Aug. 27 | 1468 5-9 284 | 8 
OP are sept. 30 | 1502 | 3-0 | 318] 6 
O2aG eum 30 | 1502 3.6 318 6 
G2As ares Osta aa | thOsn| ea Ole Ton | a0 
O27 On oH Fe dl suey; |) ints) 323 6 
6306.23... 26.) ers28 | easor7 14 ii 
O228 cc e Novior jersa4: | 30 20 yi 
260.0 s.<.< 2 GAG OF |e Ala 42 7 
1918 
GEST ase. Jan. 2 | 1596 ita 82 7 
GEOA Ta ace 3 | 10D7 Bay 103 8 
6724 Mch. 2 | 1655 rey 141 8+Bs 
VAT eer Sept. 23 | 1860 | 3.5 16 6 
VEGA came Oct. 26 | 1893 Orie 49 6 
PERT ae, Nov. 16 | 1914 Rae 70 7 
MOAR Etec Decors | xco4s | BOes 99 | 8 
191g 
ORD Re ae Jan. 16 | 1975 a 131 e 
UO Re 18 | 1977 7.8 133 8+BB 
ee a eyraae Aug. 16 | 2187 3.4 13 5 
BOA daisies Sept, 10 | 22727) 5.0 38 | 6 
O7O0 nse Oct. 14 | 2246 ag 72 uf 
fatto lye Nov. 3 | 2266 | 6.2 92 | o 
She were 8 | 2277 6.4 
BO 72 aire 13 | 2276 6.6 102 8 
SOLS saas Dec. 12 | 2305 he 131 e+BB 
1920 
220m in: Jan. 7 | 2331 8.4 | 157 e+BB 
BAG seve FA 2238/8625 164 | e+By 
2EOs hers Gea 2330) |o.O 165 | o9+Bé 
ZUG sic 290} 2255 | = O50 179 | 9+Bé6 
DS nae Feb. 6 | 2361 | 9.1 187 | e+BB 
Ba eae ree \WeELOW/ | Kap 193 e+B6 
ROOm Ie June 29 | 2505 | 3.1 I 6 
9395. --.. July 27 | 2533 | 3.4 29] 5 
Ous bere a Gee 5 al 2642 20 38 5 
OAS#o oes 23 | 2560 4.4 56 7 
OS67 ose Sept. 22 | 2590 |] 6.0 86} 8 
POON rae Nov. 20 | 2649 8.1 145 o+By 
FU se ae ZT, | 2650) on2 1460 | 9+Bé6 
SOT er 29 | 2658] 8.4 154} o+By 


Dark Lines | Bricut Lines 
V Wt. V Wt. 
km/sec km/sec. 
+63.4 r |+42.8] 1 
62.4 3 46.4] 2 
64.2 | 2 46.3] 2 
(ONS RATS 40.3] 2 
Soo2 3 40.7] 2 
58.5 | 3 40.3] 2 
66.2 2 40.4] 2 
54-5 2 39-5} 2 
OSs5 a2 ATaAl aaa 
65.4 2 49.7| 2 
64.1 on 460.0] 2 
O25 7.mlns Ty ini|f 3: 
64.6 2 45 52\ 82) 
O38. 3 AQ) oe 
63-4 | 3 49.3) 1 
OOnvmnlee 48.3] 2 
60.0 2 Aon O| mars 
64.1 3 Wel ell 
48.7 I Bo.3\ue 
59.1 2 48.0] 2 
68.5 2 49. 2 
sie ay ne | eee 45. 3 
BG Ro teo cles 2 48.4] 1 
53-4 | 1 46.3] 3 
65.8 3 44.3) 2 
56.2 2 40.8} 1 
60.1 2 41.6] 3 
56.9 | 3 38.9] 3 
OF | xe aus aici [shes eaeele | eee | area eae eed 
sua aerate ee 45.8) 3 
BRP Stet nic seelpee 
estes teal Peep fesecel| &: 
ianscarcete| More Gre 627 
2 icant esha alsa 56.6] 3 
cirexe aes | ceo S5nAl2 
Coren etree ae efniAll a 
RTP ar heer: 54.0] I 
65, Onna: 5074 a2 
64.6 2 47.6] 2 
Geman ||-2 42.4, 2 
On San Syfenel | 122 
59-5 T! oi Satie aol eters 
07-5 Hiss 5O,2)| 3 
46.3 | 1 49.2] 3 
+46.1 jo.5 |+48.5] 2 
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PLATE DATE 
1921 
CALOA7 soe. Jan. 4 
SEO mms 2 
SOFC 24 
SO7Rc aa 29 
OTA Feb. 15 
OTS raves, 17 
PT OL Os etetle July 14 
TOC) etter Aug. 18 
TOAG Sis," Sept. ro 
LOBOS ere alas 21 
1364..... Oct. 6 
EG Siereee oie 8 
TAOT os hae 7 
TAke eee Nov. 7 
AT Alecks 22 
FATS: pie Dec. 7 
TAG Ziste siete 8 
TASB ic tie 9 
TABS oe sre II 
DAQAMi coe 14 
1922 
THUG Jan. 9 
TEAONS 0% Feb. 4 
TGA Mratiatsts 5 
RG OVAT oe Mch. 9 
PRL DEAS eynicyels July 6 
TL TQS4 wy cists Aug. II 
LOA Givens 31 
TSOH aster Sept. 28 
TOS Onesie Oct. 9 
TOOOsie. ss Nov. 5 
2OlLSe ain Dec. 5 
ZO Linieterers 26 
1923 
BOLO mn ets ipk Oe 
SOd tent 2 
eT TS OA. sie 25 
Oiler aan 27 
BOOT sas: 27 
ayET OOO RMT Feb. 7 
TIO22 i. 24 
LOD ereetets 24 
Oly hy kaos Mch. 28 
B25S hee. July 24 
22835 cack Aug. 18 
BAB 2s. as Oct. 19 
BAST are cies Oct. 20 
ASTON aos Deca a7 


TABLE Il—Continued 
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Dark LINES 
V Wt. 
km/sec 
747.5 |0.5 
49.1 |o.5 
57-1 3 
54-5 2 
59.8 2 
56.1 3 
coe ee 
58.077 | 2 
49.4 I 
60.2 I 
58.2 2 
59-5 3 
Sy fee) 2 
63-7 jO.5 
46.2 2 
53-5 3 
50-3° 3 
55-7 2 
65.6 jo.5 
58.8 3 
O2e2 2 
60.9 3 
58.7 | 3 
64.3 | 3 
69.2 2 
65.1 2 
58.9 ]o.5 
+53.0- | 2 
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PLATE DATE 
1924 

YY T2303 0 nk « Jan. 12 
TOAAY ers 26 
(Se 260s eos Feb. 11 
Y TDAOT inte 13 
TOATL oem 14 
(Os GY Alo pon ey - Mch. 11 
DOSOn ess Aug. 12 
ROSA sees 13 
2080....- Sept. 7 
BOS eines Octo 
BOOS aaa e Noy. 6 
BO7Ge re a 14 
BOOT et ses Dec. 3 
1925 

| Oey fea Jan. 3 
Y T3TOR waa os 8 
TATOL nats 10 
TSEOS gees 10 
EOLOS cae if) 
EAgO0 vse II 
TO2OM aac II 
TAS02, nen: Ir 
TAQ03 0 II 
OE RAOO Hts. fe < July 29 
BAT Oe nee fo) 
RTT gers Sept. 8 
BIO ets. 23 

Y ISBTO sc .n- Oct 
icy to eee 8 
EACH «aoe 26 
TABOT csi, ee Nov. 25 
TABO 21s a 25 
i 36042. 5-8 Dec. 7 
BOOK a ik sis. 7 
YY T3025 en o=. 22 
30207. 0.5 22 
P2098 Mire on. 23 
T3OGT Oca at: 24 
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NOTES TO TABLE II 


Plates y 6243, 6338, and 9454 were taken with the 4o-inch camera; y 5252, 7524, 
C 867, 874, 878, 1546, 1547, 1597, 2041, 2353, and 2383 with the 7-inch camera; C 2487, 
2930, 2934, 3037, 3068, 3078, 3410, 3511, and 3516 with the 1o-inch camera. C 185, 1401, 
1950, 2487, 3605, y 13191, 13192, 13193, and G47 show the red region of the spectrum. 
7 13185 was taken by Mr. Sanford with 3 prisms and 18-inch camera; y 13891, 13892, 
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NOTES TO TABLE Il—Continued 


13925, 13926, 13928, 13931, and 13990 were taken with 3 prisms and 4o-inch camera to 
study the structure of Hy and H6. G 47 was taken by Mr. Merrill with a grating spectro- 
graph attached to the roo-inch reflector. y 7645, 7773, 8872, 8918, C 230, 246, 801, 859, 
861, 874, 1364, 1482, 1483, 1488, 1515 are too weak to show much of the continuous 
spectrum. 

The slit was set at 45° position angle for C1482, 1483, 1488, 1494, 2017, and at 
135° for C1474, 2013, 2040, 2041. 

The exposure times vary from a few minutes up to four hours. The number of 
plates taken by various observers is: Hubble, 1; Duncan, 2; Humason, 2; Hoge, 5; 
Strémberg, 5; Sanford, 6; Merrill, 10; Adams, 31; Joy, 69. 


study. The sixth column gives the estimated spectral type for each 
date. The classification used is based on the recommendation of the 
International Astronomical Union in 1922, which gives o Ceti at 
normal maximum as an example of type Mé6e, and R Leonis of type 
M8e. This system permits the inclusion of all the Me stars thus far 
observed, at minimum as well as maximum, within the subdivisions 
oto 10. Obviously it is a great advantage to be able to classify all the 
spectra showing well-developed titanium oxide bands in one spectral 
class. The typical stars used here in connection with this classifica- 
tion were chosen by Mr. Merrill and the writer and are given in Con- 
tribution No. 264, Astrophysical Journal, 58, 241, 1923. The spectrum 
of the.companion is B and the appended Greek letter shown in the 
sixth column of the table is that of the hydrogen bright line farthest 
to the violet seen in the spectrum of the companion. 

The measured radial velocities of dark and bright lines with their 
corresponding weights are given in the last columns of the table. 


3. SPECTRAL TYPE 


A casual inspection of the plates taken at different phases shows, 
as has been noted by several observers, a considerable variation in 
type, which, in general, appears to follow the change in brightness. 
This relationship is indicated in Table III and Figure 2. 

If the spectral type thus determined is a function of temperature, 
the relationship is important and indicates an actual physical change 
in temperature in the region where the bands and absorption lines 
originate. 

While the general characteristics of the spectra certainly depend 
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mostly on magnitude, there is no escape from the conclusion that 
many peculiarities of individual lines or regions vary in different 
cycles. Thus, the spectra at the bright minimum of 1922 and the 
faint maxima of February, 1924, without doubt, were somewhat dif- 
ferent from the usual spectra at corresponding magnitudes. 


TABLE III 


RELATIONSHIP OF TYPE AND MAGNITUDE 


Mean Type Mean Mag. No. Plates 
A WP Be otido arene oeeah Gord Bat 6 
VEG awe ene rosin csat reaver a ora tiorets ay) 13 
MG sOes snes suetnisissicieaaterren ares 4.6 8 
My, Oe vaenrenretriardste camer Bay ie 
MSs Ors cristae otetanire ratane Se reratertve 6.4 8 
MS 2 Avecraars ostestotietaemr ere vieiy IS 
IMO Osa ont ictereerecere siseianonveleye 8.9 26 


M7 


Mo 


Mio 
0.5 0.6 Os77 0.8 0.9 1.0 


Fic. 2.—Variation of spectral type with logarithm of the magnitude (abscissae) 


4. THE CONTINUOUS SPECTRUM AND BANDS 


With slit spectrograms it is not possible to study satisfactorily 
the relative intensities of different portions of the continuous spec- 
trum. Nevertheless, it is evident, as Stebbins' has shown, that the 
spectrum is relatively stronger in the region  4000-A 4200 at 
minimum than at maximum. Mr. Merrill finds the same effect in 
other Me stars. Doubtless a similar result is indicated by studies of 
color indices of M-type stars, from which it appears that the color 
index increases very little, if any, after passing Mo. It is also ap- 

t Lick Observatory Bulletins, 2, 90, 1903. 
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parent that the region to the red of \ 6200 is relatively strong as com- 
pared with the yellow and green regions. The relative intensities in 
the visual region at different phases are well shown in Shane’s' 
curves. 

The data are not sufficient for a quantitative interpretation of 
these changes in the continuous spectrum. It is only necessary to 
point out that two effects are certainly present. The spectrum falls 
off toward the violet as the energy shifts toward the red with decreas- 
ing temperature, and there is a large amount of absorption arising 
from the greatly increased strength and extent of the titanium oxide 
bands. These two causes appear to work together near minimum to 
produce the relatively weak continuous spectrum in the region 
d 4200-\ 6200. Some general absorption may be present, but this 
cannot be proved without better photometric measures of the spec- 
trum than are now available. The subject will be referred to again 
in Section 12 in connection with a discussion of the temperatures. 

The predominating feature of the spectrum of o Ceti and the later- 
type long-period variable stars is the presence of the strong absorp- 
tion bands identified by Fowler? with titanium oxide. The strength- 
ening of these bands in the green and yellow regions of the spectrum 
plays a considerable part in the light-curve as determined from 
visual observations. Even if no other causes produced changes in 
magnitude, the light of the star would still be greatly cut down by 
the increasing absorption of the titanium oxide. Figure 3 illustrates 
the strength of the bands near H@. The figure is taken from Koch 
microphotometer curves of plate y 7795. The type is estimated as 
M8. The positions of these titanium bands in the photographic re- 
gion have been determined by Stebbins, Plaskett, Sidgreaves, and 
others, and in the red region of the spectrum by Merrill’ and Shane.4 
It has been usual to measure the position of the heads of these bands, 
and from such measures Frost and Lowater’ have suspected that 
the bands give the same velocity as the emission lines; but the results 
have not been satisfactory, because photographic spreading makes 

« [b7d., 10, 133, 1922. 

2 Proceedings of the Royal Society, A, '79, 509, 1907. 

3 Scientific Papers, Bureau of Standards, No. 318, 1918. 


4 Lick Observatory Bulletins, 10, 132, 1922. 
5 Astrophysical Journal, 58, 272, 1923. 
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it impossible with the dispersion usually employed in stellar observa- 
tions to set accurately upon the head of the band. Measures by dif- 
ferent observers show large discordances. Settings are not likely to 
be made in the same manner on plates of different density or upon 
different bands on the same plate. For these reasons it has not been 
thought worth while to attempt to measure the heads of the bands. 

It was found possible, however, to measure a certain group of 
lines in the structure of one of the bands of o Ceti. The same struc- 
tural details were identified on a plate of a Herculis. Plates y 6243 


4669 se Hg On 


Fic. 3.—Koch microphotometer curve showing ‘the absorption of titanium oxide 
bands from dd 4650 to 4955. Spectral type M8. 


and y 6338, taken with the 4o-inch camera, and y 13185, with 3 
prisms and 18-inch camera, show especially sharp detail in the 
region \ 4609-A 4623, which is reproduced in Plate Xe. The dis- 
persion at this point is 20 A per millimeter for the first two plates, 
and 17 A per millimeter for the last plate. The lines used are blended 
pairs and triplets in the tail of a band whose head is at \ 4585. Al- 
though many such could have been measured, a series of twelve 
blends was thought sufficient for the investigation of the velocity 
given by the bands. The lines are beautifully defined on these plates 
and settings can be made with the utmost precision. The groups 
were identified and their wave-lengths determined from two different 
furnace plates kindly lent by Mr. King, using strontium and tita- 
nium lines as standards. 
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The results of the measurements, on the Rowland system, are 
given in Table IV. The wave-lengths measured in o Ceti have been 
corrected by the amount of the velocity found from the absorp- 
tion lines of the spectrum. The results show conclusively that the 
bands give the same displacements as the absorption lines of the 
star and indicate that the band absorption originates in the star’s 


TABLE IV 


CoMPARISON OF TiO, IN o CETI AND IN THE LABORATORY 


ae # : o Cat Difference 
aboratory Mean X (2 plates) Mean d (3 plates) cesta 
AOOSR LE 7Oine ees > mietsse sieitteis 5s 4608 .og0 —o.089 
ACOORZAT etary es toe ce toa es 4609.152 — .0905 
ADLOs LOO Marcy t ce.c sae cep ous 4610.199 .000 
BOLE ABS ye eieiaise ae icine <6) 2 4611.430 + .093 
AOL QCA Otte Wave a-opsticels fete sled » 4612.490 + .o12 
AOM ae OAc Piecat oven eae es 4613.665 + .041 
ASUAROD 2 OMe ee ree ee oe 46014.955 + .033 
AGHONOOO) istveesr cites very aes 4616.124 + .034 
AOUP RISO RAE eae a rac ere 4017.344 + .056 
OTS OE Oi eoele. te: 5 sate b6 Seca ee 4618.570 — .023 
ATO VOOM wie 4,0 shes, sss wie ence 4619.839 — .052 
AOZUATOR eesti vite wate ¢75 4621.106 + .004 
IWream dstteTenCe:s smissmiasileiolae se ss cis 5 +o.001 


atmosphere under conditions similar to those producing the atomic 
absorption lines. 

Several hitherto unrecorded bands appear near the usual minima, 
and also at the peculiar maximum of 1924. These are degraded to- 
ward the red, but the heads are not strongly marked. Their approxi- 
mate positions are: 


AA 4130-50 AA 4242-44* AA 4315-25 
4165-90 4250-68 4328-34* 
4212-38 4270-78 4338-48 


All except the two which are starred have been identified as 
belonging to the titanium oxide band-spectrum. Plates for this pur- 
pose, taken with the furnace, into which had been introduced a con- 
siderable current of oxygen, were kindly supplied by Mr. King. 
Koch microphotometer curves assisted greatly in studying the struc- 
ture of the bands. One of the most prominent of these new bands is 
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that at \X 4212-4238 which is of especial interest because it falls 
upon the great absorption region due to \ 4226 of calcium and is 
responsible for a part of the absorption heretofore attributed to 
neutral calcium. 

5. ABSORPTION SPECTRUM 

The dispersion used in the observations of o Ceti does not permit 
of a detailed study of a large number of lines at different phases of 
the star’s light, but it does give a fair determination of the velocity 
and makes it possible to observe the behavior of the outstanding 
lines of the spectrum. 

The spectrum at maximum, as has been pointed out by previous 
observers, contains a large number of absorption lines, especially 
in the region \ 3900-A 4350, where the bands are less intense. The 
identification of these lines shows that those which are measurable 
with the dispersion used are, with very few exceptions, low-tempera- 
ture lines of classes I and II belonging to the elements iron, vana- 
dium, chromium, manganese, calcium, and magnesium. Mr. Merrill 
has called my attention to the presence of the pair AA 4044 and 4047 
of neutral potassium which is strengthened at fainter magnitudes. 

The lines of vanadium are remarkable for their number and 
persistence. They are the only lines of moderate intensity which can 
be measured near the minimum. The weakness of titanium is strik- 
ing. The explanation must be along the line of King’s experiment.? 
He found that, when the bands of titanium oxide were strengthened 
by the introduction of oxygen into the furnace, the usual titanium 
lines practically disappeared. The supply of atomic titanium seems 
largely to be exhausted by the formation of the TiO, molecules which 
produce the bands. The presence of a considerable amount of oxygen 
is necessary to obtain this result. 

The only lines of titanium actually measured on our plates with 
ordinary dispersion are \ 4314 and the stronger members of the low- 
temperature multiplets at \ 4300 and \ 4535, and these are notably 
weakened as the bands strengthen. Several other titanium lines ap- 
pear faintly at maximum if higher dispersion is employed. 

The absorption lines generally used in the velocity measures are 
given in Table V. The identifications and wave-lengths are given 

* Mt. Wilson Contr., No. 114; Astrophysical Journal, 43, 342, 1916. 

136 


SPECTROGRAPHIC STUDY OF MIRA CETI 15 


in the Rowland and International systems. The temperature class is 

that found by King in the electric furnace. Additional lines of less in- 

tensity are visible on the plates taken with greater dispersion, such 
TABLE V 


ABSORPTION LINES 


WaAvE-LENGTH EsTIMATED INTENSITY 
ELEMENT Temp. CLASS a a ae 
Rowland AS Max. Mag. Mag. 8.5 
YORE Sa ORE IA d 4291.630 473 4 €2 
4144.038 873 2 I 
4202.198 033 2 e114 
4376.107  .934 4 e 14 
4427.482 314 2 em 
val 4005.408 .247 4 I 
4045.975 816 10 2 
4003.759 598 5 3 
4071.908 742 3 2 
4250.626 471 4 I 
4271.760 606 5 2 
4204. 301 130 3 I 
4308 .081 908 4 eas 
4325-939  .706 8 I 
4383 .720 550 6 I 
4404 .927 755 ) I 
4415. 293 128 2 I 
Til 4260.640 .482 I I 
4282.505 408 2 2 
4408. 582 420 4 3 
Varretorerite stave I 4092.821 671 5 4 
4109 .905 753 3 3 
4115.330 178 2 2 
4116.034 .482 4 4 
4128. 251 098 3 3 
II 4379-396 239 4 4 
4390.149 992 4 3 
4395-413 «255 6 6 
Cy Rete AOS I 4497 .023 859 6 6 
4254-505 350 12 25 
4274.958 804 Io 20 
MOA iarcreiaravereie I 4030.918 773 8 ° 
4033. 224 0°79 5 = 
4034.644 499 4 2 
(OL rs Be tN I 4226.904 748 (3A) (25A) 
: 4318.817 658 2 5 
Ce] aap | 4280-725 860 |e as 
i piernte, Mantareisrs 1G 4299.410 242 4 2 
4314.964 805 8 6 
DF nes Hoe as ipl 4077.885 735 20 12 
4215.703 .540 15 4 
SOT eee ratsl siete o ate I 4607. 510 B37 5 20 
Mi iar acwe ay ratte: I A571.275 105 4 € 27 
185s men OREICE II 4554.21 044 4 I 
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as those of Co, Cr, Fe, Ti, and V belonging entirely to classes I and 
II. The intensity of the lines is estimated for maximum and for mag- 
nitude about 8.5. At minimum the continuous spectrum of the com- 
panion makes estimates too uncertain to be of value. As the star 
declines in brightness the fainter lines of the various elements tend 
to disappear. Several of the lines become emission lines and are 
marked with the letter e. 

The multiplet group of titanium lines of class II at \ 4535 blends 
to form a strong line at maximum, which weakens and becomes 
emission in character as the star approaches minimum. A) 4299.4 
and 4314.9 of titanium behave in much the same way. These lines 
are probably affected by the shortage of titanium caused by the 
strengthening of the bands, as well as by the general weakening of 
absorption lines of the lowest temperature classes. 

The ultimate lines of ionized calcium, barium, and strontium are 
very strong at maximum but are much weakened toward minimum. 
H and K of calcium are not easily photographed in o Ceti because of 
the weakness of the spectrum in the violet and because of the inter- 
ference of the spectrum of the companion at minimum. On the few 
plates having sufficient exposure at this phase, the H and K lines 
appear to be present but decidedly weakened. The encroachment of 
the bright line \ 4216 may hasten the disappearance of the strontium 
line \ 4215 at about magnitude 7.5. When the star is fainter than 
the eighth magnitude, this region becomes engulfed in the tre- 
mendous absorption of the calcium line \ 4226 whose width at 
minimum light is fully 30 A. 

Several enhanced lines of iron and titanium, such as Ad 4233, 
4352, 4395, 4417, 4501, 4549, and 4584, are found in the spectrum of 
a Orionis, but the reduced temperature in o Ceti, even at maximum, 
and in stars of the later M-types, makes their appearance weak or 
doubtful. At minimum light they seem to be entirely lacking in the 
variable star. 

The chromium lines \d 4254 and 4274 and the calcium line \ 4226 
strengthen with decreasing temperature and become enormously 
strong at minimum. An unknown strong line, or perhaps a band- 
head, at \ 4738 acts similarly. The line is not sharp and is some- 
what shaded toward the red. Its width is about 2A at minimum, and 
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its wave-length from 45 plates, corrected for the absorption-line 
velocity of the star, is \ 4738.297. A search among known lines and 
bands has failed to reveal the origin of this strong absorption line. 
It seems very probable that it may be the head of an absorption 
band which falls off toward the red. 


6. THE RADIAL VELOCITIES DETERMINED FROM 
ABSORPTION LINES 


The measurements for the determination of radial velocity have 
been shared in part by Mr. Adams and Misses Burwell and Stone, 
but all the plates have been measured once, and usually twice, by 
the writer. 

TABLE VI 


ABSORPTION-LINE NORMAL PoINTs 


Weighted Weighted Weighted Weighted 

Mean Phase Mean V Mean Phase Mean V 

days km/sec. days km/sec. 

On Sinisaiscoe ss +64.0 Ub ho ae ee 54 FW ft) 

Wists cteneiey tars 64.3 DAT thc ckalapeie 54.9 
TOS sete sieves 63.7 7 he REE 53-8 
Bas Oden cies = 63.0 2 ho a aA 59.8 
749 at A OTe 60.9 BB itera oie seth ok 61.2 
SOfs sats cx ba ie +60.0 BI Renate se « +63.0 


Although the dispersion used is less than that desirable for 
radial velocity measurements involving a comparatively small range, 
it should be borne in mind that the absorption lines, especially near 
maximum, are numerous and of superior quality, and that the re- 
sults are based upon a large number of measures. Furthermore, the 
absorption lines used throughout the whole period of the star’s 
variation, which are listed in Table V, are unusually homogeneous 
in character, being without exception strong low-temperature or 
ultimate lines of a small number of elements. The average number 
measured on each plate is 12 for the whole series. At minimum 
fewer lines were available than at maximum. In forming the 
normal points, weights, based on the number of lines, the number of 
measures, the dispersion employed, and the quality, were assigned to 
each plate. 
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After arranging the dark-line velocities given in Table IT in order 
of phase, eleven normal places, of comparable weight, were formed. 
These are given in Table VI and are represented by open circles on 


the curve of Figure 4. 


km/sec. 


290 ° 40 80 I20 160 200 240 280 days 


Fic. 4.—Velocity-curves for absorption lines (above) and emission lines (below). 
The broken middle line represents the velocities of the emission lines of ionized iron. 


km/sec. 


290 ° 40 80 120 160 200 240 280 days 


Fic. 5.—Curve showing differences between absorption and emission velocities 


Although it is not thought that the variable star is a spectro- 
scopic binary, the curve drawn through the normal points can be 
described best in terms of the usual elements of an elliptic orbit. 
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The following elements are satisfactory. A least-squares solution has 
not been attempted. 
P=330 days 
K=5.9 km/sec. 
y=+58.2 km/sec. 
w=265°2 
€=0.20 
@ sin t= 26,200,000 km 
ee 
Grammy 0-007 © 


The striking feature of the velocity-curve is its resemblance in 
form to the light-curve. The maximum positive velocity occurs at 
maximum, and the greatest velocity of approach at minimum, light. 
The case is thus opposite in phase to that of the Cepheids, for 
which maximum velocity of approach occurs at maximum of light. 

Previous observers’ have not failed to consider the possibility 
of variable radial velocity but have made observations only at the 
star’s brightest phases, which correspond to the broad maximum of 
the velocity curve. The evidence has accordingly pointed to the con- 
clusion that the velocity was constant. 

Thus Campbell’s observations? in 1897 and 1898, including 7 
plates with phases from —36 to +55 days from maximum, show a 
range of only 3 km/sec. His results, which were obtained with three 
prisms, are given in Table VII. In themselves, these observations 
show no indication of variation in velocity, but their deviations 
from the Mount Wilson curve are not larger than might be attributed 
to error in observation. On the other hand, the series of single- 
prism observations by Stebbins? in 1902, with phases up to +83 days, 
show a distinct tendency, when reduced to velocities, to follow the 
variable velocity-curve here given. 

Merrill has made numerous observations of the velocities of 
other long-period variables, but as these photographs likewise 


t Kiistner, Astrophysical Journal, 27, 301, 1908; Plaskett, Journal of the Royal 
Astronomical Society of Canada, 1, 45, 1907; Merrill, Publications of the Detroit Observa- 
tory, 2, 65, 1916; Lunt, Astrophysical Journal, 48, 265, 1918; Harper, Publications of the 
Dominion Observatory, 4, 334, 1920; Frost and Lowater, Astrophysical Journal, 58, 265, 
1923. 

2 Astrophysical Journal, 9, 31, 1899. 3 Lick Observatory Bulletins, 2, 81, 1903. 
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show the absorption spectrum only near maximum, there is no evi- 
dence at hand from other stars of this class. He has reached the 
conclusion that in the case of X Ophiuchi,’ where a companion star 
checks the velocity of the variable, and probably in other stars of 
this class, the absorption lines give the true velocity of the star. The 
present results for o Ceti, if typical, complicate the problem, inas- 
much as it raises the question whether the velocity of translation of 
the star is the y-velocity of the curve or the velocity at either maxi- 
mum or minimum. Statistical methods may ultimately furnish the 
answer; but it is impossible at present, on account of the small range 


TABLE VII 


OBSERVATIONS BY CAMPBELL 


Phase V C.—Mt. W. 

Nov. 10—1897...... —20 days | +63.4 km/sec. +0.2 
DEC. ES tment aroatey: +15 62.0 —1.8 
1 ea en ICICI +15 60.7 =D 
Aug. 29—1808...... — 36 62.8 1.1 
Depts Avene verse er —30 6207 +1.3 
TO Sgn va re —15 61.8 —1.7 
NOV 20g anne 14: 55 62.3 +0.4 


of variation and the lack of direct methods of attack, to come to any 
conclusion. 

The variable X Ophiuchi is visible for so short a period that it 
is not possible to determine whether the absorption-line velocity 
varies or not. The companion of Mira is so faint and so difficult to 
separate spectrographically that it cannot be satisfactorily used for 
determining the velocity of the system. The only evidence available 
is that from the bright lines of the companion, shown on a few plates 
mostly of small dispersion, which give the same velocity as the 
variable (both bright and dark lines) at minimum. It is possible 
that the bright lines are displaced to the violet, as in B.D. 
+11°4673. Merrill’s? computations would seem to indicate that for 
the Me stars in general a small value of the K-term is given by use 
of the velocities of the absorption lines at maximum. 


* Mt. Wilson Contr., No. 261; Astrophysical Journal, 57, 251, 1923. 
2 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 255, 1923. 
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7. EMISSION LINES 


The emission lines of hydrogen in o Ceti were first noticed’ in 
1886 by Pickering as one of the earliest results of the photographic 
observation of stellar spectra with the objective prism at the 
Harvard College Observatory. Later, other long-period variables 
were found to have the same bright lines. This characteristic then 
became the criterion by which numerous variables of this type were 
detected from inspection of their spectra, and thus far only a few 
M-type stars emitting bright hydrogen lines have failed to exhibit 
the Mira type of variation in light. The exceptional cases include 
six of the faintest dwarfs: W.B. 10234, 16906, Furujhelm 54 and 
58, and the companions of Castor? and o Eridani;} and six giants 
W Cephei, Boss 1985, 5650, H.D. 42474, B.D. +61°8, and C.D.M. 
— 33°16843. The dwarfs are not known to vary in brightness. Some 
of the giants have an irregular variation of small range. All but the 
last star have spectra which are essentially different from that of 
o Ceti and need not concern us in this discussion. C.D.M. — 33°16843, 
to which our attention was directed by Miss Cannon, gives, however, 
a typical Me spectrum, yet among several hundred stars of this type 
it is the only one known to maintain constant brightness. 

The hydrogen lines on our plates are usually considerably over- 
exposed in order that the absorption lines of the spectrum may be 
measured. The Balmer series has been recorded from Ha to Hz but 
the region for which this study is fairly complete extends only from 
d 3950 to A 5000. The behavior varies with the line and also de- 
pends to some extent upon the particular cycle considered, but, in 
general, the magnitude of the star seems to be the controlling factor. 
The cycles repeat themselves with only slight inconsistencies. 

When the star reaches a minimum none of the hydrogen lines is 
bright. With increase in light there is a sudden appearance of hydro- 


t First Annual Report of the Photographic Study of Stellar Spectra, Cambridge, 1887; 
reprinted in Nature, 36, 32, 1887. 


2 Adams and Joy, Publications of the Astronomical Society of the Pacific, 32, 158, 
1920; 34, 174, 1922. 

3 Leonard, zbid., 33, 272, 1921. 

4 Adams and Joy, ibid., 33, 263, 1921; Adams, Joy, and Humason, zbid., 34, 175, 
1922; 37, 161, 1925. 
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gen emission at about the seventh magnitude, which is first seen in 
Hé and,a short time later,in Hy. In the course of a week or two, these 
two lines attain great strength, H6 remaining the stronger until well 
past maximum. The greatest intensity is reached about a month after 
maximum light. The decline then sets in; Hy becomes somewhat 
stronger than #6, and both disappear together near magnitude 8.0. 
Near minimum the emission lines go over into absorption lines. The 
relative changes in the hydrogen lines are illustrated in Plate IX. 

Ha is present as a bright line on the few plates sensitized for the 
red portion of the spectrum. Relative to the continuous spectrum, 
it appears to be weaker than H8. Shane’ found Ha nearly equal to 
H®8 in intensity. He also noted that Ha was displaced about 1A 
toward the violet, relative to the other bright lines, on all his plates. 
This displacement appears to be confirmed, in part at least, by 
rough measures of the Mount Wilson plates. 

H and H¢ have been seen and measured each cycle. They make 
their appearance near the time of maximum, and, on account of their 
weakness, vanish after three or four months, at about magnitude 6.5. 
Hé seems to reach its maximum somewhat later than H8. He and 
Hy» are similar in strength on our plates. They appear about a month 
after maximum and fade out at about the same time as H8 and H¢. 
H@ and H: were found on two plates only; at phases of 49 and 77 
days. 

In a general way the hydrogen series has its greatest strength at 
H6 and declines toward red and violet. The weakness of He, Hx, 
HH}, Hu, and HE are explained by local absorption, as suggested by 
Miss Clerke for He, and by Shane for the other lines. 

The hydrogen lines are fairly sharp on one-prism spectrograms 
and there is little indication of any lack of symmetry. Higher dis- 
persion reveals Hy and Hé to be composite, each consisting of three 
components. The separation of these components seems to be con- 
stant, but the relative intensity has changed since they were first 
observed. Campbell? found at the maxima of 1808 that Hy was 
made up of a strong central component with a lesser one to the violet 

* Lick Observatory Bulletins, 10, 131, 1922; Publications of the Astronomical Society 
of the Pacific, 32, 234, 1920. 

2 Astrophysical Journal, 9, 31, 1899. 
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and a weak one on the red side. H6 was symmetrical with a strong 
central line and two equal side components. Wright" was able to see 
but two components of Hy in 1899, but when he examined it in 1909 
for indications of the Zeeman effect it was triple, with much the 
same intensity relations as found by Campbell in 1898. On plates 
taken with three prisms by Mr. Merrill and the writer at the last 
maximum in December, 1925, the three components of Hy are not 
well resolved, but seem to decrease slightly in intensity toward the 
red, the violet component being the strongest. Hé, however, shows 
a strong central line with a very weak companion to the violet and a 
line of intermediate intensity well separated on the red side. Plate 
Xf shows its appearance on November 25, 1925. In the succeeding 
three months the central component of H6 strengthened relatively, 
so that the close violet component was almost lost. There was no 
certain change in Hy. The separations are practically the same as 
those found by Campbell, but the intensities are quite different. The 
whole line or band shifts its position in accordance with the velocity- 
curve given in Section 8. As far as observed, the other bright lines 
have been found single. 

No explanation can be suggested which satisfactorily accounts 
for the peculiar structure of these hydrogen lines. The components 
are unsymmetrical in position and intensity. The separations of the 
components are 0.29 A to the violet side and 0.46 A to the red. The 
Zeeman and Stark effects seem to be ruled out. Since they shift as 
a unit, the components must originate in the same portion of the 
star’s atmosphere. Unsymmetrical double reversal is a possible 
cause. 

In addition to the emission lines of hydrogen, numerous other 
bright lines have been observed. Campbell? in 1897 and 1808 first 
measured AX 4308 and 4376 and identified them, from 3-prism plates, 
with the corresponding iron lines. He concluded that they have the 
same displacements as the bright hydrogen lines. He also called 
attention to the bright line \ 4103 which Plaskett later identified 
with Rowland’s line \ 4103.1, Sz Mn. Plaskett refers to seven other 

t Lick Observatory Bulletins, 6, 60, 1910. 

2 Astrophysical Journal, 9, 31, 1899. 

3 Journal of the Royal Astronomical Society of Canada, 1, 56, 1907. 
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bright lines in addition to the hydrogen lines. Numerous emission 
lines are recorded by Stebbins, Kiistner, Adams and Joy, and Frost 
and Lowater. Merrill finds that most of these lines occur in other 
long-period variable stars. 

All the bright lines and bright places resembling lines, which have 
been measured, are listed in Table VIII. The wave-lengths from the 
Mount Wilson measures, given in the first two columns, have been 
corrected by the mean displacement of any or all of the following 
bright lines measured on the plate: H6, Hy, XX 4202, 4216, 4291, 
4308, 4376, 4571. These are among the strongest and most fre- 
quently recurring bright lines, and there can be no question of the 
correctness of their identification’ with hydrogen and the low- 
temperature radiation of iron and magnesium. 

The validity of the assumption that all the bright lines are sub- 
ject to the same displacement is still open to question, but the agree- 
ment found here for the hydrogen lines and the low-temperature 
lines makes it reasonably certain that this is the case for these groups 
at least. The case is not so clear for some of the remaining lines, 
such as \ 4233 of ionized iron and \A 3905 and 4103 of silicon, which 
belong to higher temperature classes and probably originate at 
different levels. For the many lines with no plausible identifications 
the corrections are presumably in the right direction. 

The third column of Table VIII gives the probable error of the 
mean wave-lengths computed from the internal agreement of the 
measures, the fourth column the probable identification, and the 
fifth, the number of Mount Wilson plates upon which the wave- 
length is based. The line may have been present on other plates as 
well, but omitted in measurement on account of its weakness or poor 
definition. No lines are included which have not been found on at 
least three plates, unless measured by other observers. 

The remaining columns contain the wave-lengths published by 
other observers. In the last column are the wave-lengths of the 
bright lines found by Merrill? in long-period variables other than 
o Ceti. The values which are starred have been supplied by Mr. 

* Adams and Joy, Publications of the Astronomical Society of the Pacific, 35, 168, 
1923. 

? Mt. Wilson Contr., No. 265; Astrophysical Journal, 58, 197, 1923. 
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TABLE VIII—Continued 


OO a oO 


RowaaND Prosa- |IDENTI-| yo Frost fa Sean 
- a D AND 

Rowland eA Fanos On PLATES a ee wae LowATER MERRILL 
re rae en nc none (epee) (CPs e nie ee Oe eo Rei Ba ARSOSOS. |hmenneeee 
BaD a Macrae GeO Poomncal becigon buried Gal ooosne dan AS O2S 0.50 eennienee 
4571.31 14 |+0.01 | Mg OY fall Vee a BORACAY lem roa GOO ne MKD. OSS Standard 
4578.96.] .79 FOS | onine RA oer n oer Senet Pes oso ena oo.u hn ao ee 4579.01 
4584.05 88 20 | Fe+ 7a narrates Rts oOn o AS SATOSn | semnaterets 
Beate tepeye | lacape % cove] farss-< fo Sorel | encady ec e)| ecrehaceel | nee eevevanae) | eet astaeeatiryete 40337720 | seerereneeniere 
A Ae ae aa Carter on tl Recent fee tacit tereoc eaten leas bisa ok QOBAROAM| harass 
PABA CPOE acre aroma Pato oo ima helio oc ge ane FC MOLEX AD Ne 0.a000 
AAA near Peat eel Carer icoscctcay tl Mao SuPer a chil kere 5.0 ok Ais Om 2) |arertatete 
DESO Cree ei oaces (ear bral tec crol into tac oea iaGhiero ions Su" Melon ings [IS GOGO DOCU 
EE cocatacaiinia | Secteyesen | log rates te |e camencye ¥ | leweraarecal| eo knemelee o | ete enetererart: ASOS LO | aetstelstarts 
ee cel Parteners eer py a fee ee Aa Leister rt keke, Gc sy 7 ASB SOG) || nein 
4861.49.| .31 .o2 | HB 26 | 4861.67 | Standard | Standard | Standard 
4923.95-| .78 .07 | Fe-+- O° lh ecxecetetemin | deta eleva otecr'| |cuttetie atetteteltens'| iretaea meenerare 


5018.62.) .45 |#0.23 | Fe+ 7. eal (to roe RRP Dh heme Pecice sien, gieice Py ici cioncas Ac 


Merrill from manuscript. In many cases the lines were measured on 
three or four plates only, but it is of great interest to note that they 
are found in other stars. 

Wave-lengths are given on the Rowland system, except in the 
second column where the International values are given for com- 
parison. Stebbins’ wave-lengths are corrected by —o.67 A to allow 
for the displacement of the bright lines, while a correction of +0.25 A 
suggested by Plaskett has been applied to his wave-lengths to reduce 
them to the bright hydrogen lines as standards. Merrill omits the 
wave-lengths of six hydrogen lines and of AX 3905, 4202, 4308, and 
4571, used as standards by which the displacements of the other 
lines are corrected. 

In some cases it is not easy to determine whether a measured 
point is actually an emission line or a narrow region of continuous 
spectrum between two absorption lines; but if the line has been seen 
by different observers under different instrumental conditions and 
with different dispersions there can be little doubt that the emis- 
sion is real. 

Of the 66 lines given in Table VIII, 49 have been measured on 
our plates and, after careful examination, have been considered to be 
real emission lines. The 17 remaining lines recorded by other ob- 
servers, excluding Hx, which is too far in the violet, have been looked 
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for on our plates, but either they are not present or else appear to 
be continuous background rather than real lines. Nine lines are in- 
cluded which are not recorded by other observers; of these 7 have 
been identified with reasonable certainty. 

It is of interest to consider the strength of the bright lines and 
the time of their appearance with respect to changes in brightness 
of the star. Table IX gives the relative intensities estimated on an 
arbitrary scale, as found on well-exposed plates chosen as representa- 
tive of the line-intensities at different magnitudes and phases. The 


Io 


° 


Mage O) Pose S50 84-66 7 By 
Fic. 6.—Intensities of hydrogen lines for different magnitudes. The ordinates are 
relative intensities on an arbitrary scale. The scale of the abscissae is given in magni- 
tudes projected from the light-curve. 


estimates must be regarded as rough comparisons only, since the 
atmospheric transmission, as well as photographic and instrumental 
effects, has not been taken into account. On the whole, it has 
seemed better to arrange the plates in the order of magnitude rather 
than phase, since temperature in the star is probably the controlling 
influence in the variation of the emission. The intensities observed 
follow the magnitudes more consistently than any other single factor. 

The strength of the continuous spectrum on a scale of 5 is given 
in the second column. The following columns give data for the 36 
strongest and most important lines. Some of these appear as absorp- 
tion lines for a portion of the cycle. The intensities of absorption are 
then preceded by the letter a. Asterisks in the table indicate that the 
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line is not to be expected on account of over- or underexposure at 
that point in the spectrum. 

Figures 6 and 7 represent graphically the changes in intensity of 
several of the lines. In order that the intensities may be compared 
with the normal light variation of the star, the mean light-curve has 
been included in Figure 6, and the scale of the abscissae is given in 
magnitudes projected down from the light-curve. Thus, intensities 
are plotted according to magnitude, but the horizontal spacing is 
the time scale of the light variation. 


Mag.8 6 4 3.5 4 5 6 iy 8 9 


Fic. 7.—Intensities of emission lines for different magnitudes. The scale and co- 
ordinates are the same as in Fig. 6. In the lower part of the figure the curves below the 
zero-line represent the intensity of absorption on an independent scale. 


Inspection of Table LX shows two principal groups of bright 
lines. The first, whose lines are strongest near the maximum of the 
star, includes the hydrogen series and the enhanced iron lines; the 
second comprises the low-temperature lines which have been at- 
tributed to iron, magnesium, manganese, and indium, and have their 
maximum intensity four to six months after maximum light. 

He is apparently an exceptional case in the hydrogen series for 
it reaches its greatest intensity very much later than the other 
hydrogen lines. This peculiarity may be accounted for on the basis 
of Miss Clerke’s' explanation of its weakness. The H line of calcium 
is so strong at the maximum of the star that it absorbs the radiation 


t Problems in Astrophysics, p. 226, 1903. 
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TABLE IX 


INTENSITIES OF Emission LINES 
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TABLE IX—Continued 
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proceeding from He. As the star decreases in brightness and becomes 
cooler H diminishes in width and allows the bright He to appear. 
This explanation requires the presence of at least a portion of the 
calcium gas at levels above the origin of the He emission. The change 
in the strength of H is well illustrated in the reproduction of Steb- 
bins’ spectrograms’ and is likewise shown on several of the plates 


t Lick Observatory Bulletins, 2, 81, 1903. 
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used in this investigation. Shane’ has accounted for the weakness of 
Hx, Hd, Hu, and Hé by the corresponding absorption of the low- 
temperature lines of iron and vanadium. 

The lines of silicon seem to be less sensitive to temperature 
changes and do not show a distinct maximum. In the electric furnace 
King? has found that these lines occur at intermediate temperatures . 
corresponding to the iron lines of class III. The lines of the low- 
temperature group, with the exception of \ 4308 and probably 
d 4202, which are in class II, belong to temperature class I. 

The bright lines whose identification seems to be reasonably 
certain are listed in Table X. 

Hydrogen lines.—The identification of the hydrogen lines has 
been accepted since they were first observed by Pickering in 1886. 
The question of their relative intensities is as yet not completely 
solved. The Balmer series behaves in stars as a high-temperature 
series, and it is to be expected that these lines, if they occur at all, 
will be strengthened by the maximum temperature. As will be seen 
in Figure 6, the maximum intensity of the hydrogen lines occurs 
very near maximum light. 

Enhanced lines.—As has previously been pointed out,? enhanced 
lines are found in giant M-type stars owing chiefly to their low 
density. They may well occur in the extreme tenuity of the atmos- 
phere of o Ceti. Although the agreement of the wave-lengths is not 
fully convincing, especially in the case of \ 4233, the identification 
with ionized iron may be considered as entirely probable. Several of 
the enhanced lines found in o Ceti are bright in certain S-type stars 
and in M-type stars such as W Cephei, which are of the same order 
of temperature as Mira. They also appear together in emission in 
the bright-line B-type stars. The consideration of the atomic origin 
of the lines thus identified, as worked out by Russell,* has hastened 
the conclusion. They are without exception the strongest members 
of the multiplets arising from the lowest levels of the ionized atom 


t Lick Observatory Bulletins, 10, 133, 1922. 
? Publications of the Astronomical Society of the Pacific, 33, 106, 1921. 


3 Adams and Joy, Publications of the Astronomical Society of the Pacific, 35, 328, 
1923. 


4 Unpublished series relationships in Fe+. 
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and would presumably be the first to be affected by any cause tend- 
ing to produce emission lines. 


TABLE X 
IDENTIFICATION OF EmiIssION LINES 


= Witten — or Max. 
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* King, unpublished 

} King, Publications of the Astronomical Society of the Pacific, 355 330, 1923. 
§ Calculated from known terms. 

t Ibid., 3'7, 27, 1925. 


The strongest and most persistent of the enhanced bright lines 
are AX 4233 and 4179. A 4233 is sharper and better for measurement. 
As it occurs with great frequency, the measures should be of high 
accuracy. 4179 is stronger than d 4233 at maximum light but 
often is not sharp. It seems to be involved in a strong portion of the 
continuous spectrum, which may affect its observed wave-length. 
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As shown in Table XI, the enhanced lines of iron, in the mean, 
are displaced somewhat toward the red as compared with the hydro- 
gen and low-temperature lines used for determining the wave-length 
correction. In other words, if we assume that the identification of 
these lines is correct, they have on the average a positive velocity 
relative to the eight lines used in forming the bright-line curve. As 
shown in Figure 4, these lines give points falling between the bright- 
and dark-line curves. Their origin must then be at a level of the 
star’s atmosphere between the low level producing the absorption 
lines and the higher levels emitting the bright lines of hydrogen and 


the low-temperature lines. 
TABLE XI 


Wave-LENGTHS OF ENHANCED IRON LINES 


M d Laboratory . 

WaveLaneth Wave Laneth Diff. Wt. 
7 eto By Ape, SOTA 4138.58 +0.17 I 
ATTA SOD rier Sig nase 4173.63 0.00 I 
ALO UOGs aarti 4179.02 —0.04 2 
A222 ADE nee estas 4233.32 0.17 4 
ARSAL Orcas sees 4584.01 +0.07 I 
ADR OTS arene cls svete AO2ASOO 1! el ceonrostecre cll haeerarameieiers 
BOTOCOGs cveinisrs a eee GOTS JOT,” || arn eine aherorell menial bie kee loners 
Weighted mean diff.|............ 20:00 0) ialepayeersiers rah ote 


A similar effect has been pointed out by Merrill" for the en- 
hanced iron lines of B.D. +11°4673. 

The middle broken line in Figure 4 shows the mean course of the 
velocities for the enhanced lines AX 4138, 4173, 4178, and 4233. The 
lines \A 4924 and 5018 have a few measurements only and are 
located in a region of the spectrum where the focus is not good on 
our plates. They are not satisfactorily determined, as will be seen 
from their probable errors, and have not been used in forming the 
mean curve. The individual lines do not agree closely with one 
another. Hence this curve should not be taken as comparable in 
accuracy with the other curves, but the evidence points to a solution 
along these lines. 

Bright lines of silicon and indium.—Table TX shows that the 
silicon lines AX 3905 and 4103, and 4511, which may belong to 

* Publications of the Astronomical Observatory, University of Michigan, 2, 74, 1916. 
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indium, have intensity-curves quite different from those belonging 
to the low-temperature group. A comparison of these lines, similar 
to that for the enhanced lines, is given in Table XII. Apparently 
these lines arise from levels not far from those producing the en- 
hanced iron lines and have corresponding velocities. 

The identification of the indium line is still uncertain. This line, 
together with \ 4101.9, which is coincident with H6, is one of the 
ultimate lines of indium. A plate taken by King" with the electric 
furnace shows that these two lines are strong even at a temperature 
of 1600°. If present in the sun, \ 4511 is very weak; and it has not 

TABLE XII 
WaAvVE-LENGTHS OF SILICON AND InDIuM LINES 


Measured Laborat . 
Wave-Length WaveLansth Diff. 
BOOK {OO sonia 3905.66 +o.16 
ALO Us epee ae 4103.11 +o.04 
ART LOO. cr6\ score 4511.47 +0.19 
MGA ith eerie | cccveteveretorpt os eat 0.13 


been found in absorption in Mira at maximum. The atomic weight 
of indium is high, but like most of the elements which show bright 
low-temperature lines, it has a low ionization potential. It is unfor- 
tunate that the presence of Hd makes it impossible to observe the 
other member of this pair. 

The low-temperature lines Among the lines which reach their 
greatest intensity when the star has cooled after its outburst at 
maximum brightness are several iron lines, \ 4571 of magnesium, 
and perhaps \ 4030 of manganese. These lines originate at the lowest 
levels of the atom and maintain a considerable intensity in the 
electric furnace at very low temperatures. 

In view of the interest attaching to the series relationships of the 
iron multiplets and of the criticism? of the identification of these 
lines, it seems worth while to give the multiplets of iron involved here 
as worked out by Walters* and Delaporte.‘ 

t Publications of the Astronomical Society of the Pacific, 37, 27, 1925. 

2 Baxandall, The Observatory, 46, 82, 1923. 

3 Journal of the Optical Society of America, 8, 248, 1924. 

4 Zeitschrift fiir Physik, 23, 135, 1924, and 26, 1, 1924. 
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The lines which have been measured as bright in Mira are marked 
with an asterisk. The arc intensities in the laboratory and King’s 
temperature classification are added. The wave-lengths are I.A. 


IRON MULTIPLETS 


E 4232.724 (8) IA 4199.990 (9) IA 4140.77 (calculated) 
*4258.322 (10) [A *4206.703 (12) IA 4134-433 (1) 
*4201.465 (10) 1A *4216.185 (10) I 


Il. 4466.557 (12) I 
*4489.744 (12) IA 4471.66 (calc.)  4435.454 (10) IA 
*4482.176 (4) [A 4445.480 (1) IA 4389.25r (10) IA 
*4461 .658 (12) I 4405.01 (calc.) 4325.73 (calc.) 
*4427 .313 (12) I 4347 .239 (1) LA 
*4375 -034 (15) I 
Il. 4325.770 (35) IL 4250.791 (25) II 4147.675 (ro) IIL 
*4307.910 (35) I *4202.032 (30) L 


4271.764 (35) IL 


The four strongest members of multiplet I are bright in Mira. 
The absence of the diagonal member \ 4232 is puzzling. It may be 
too faint in the star. 

In multiplet IT all lines of the diagonal, and no others, appear in 
emission. \ 4375 is by far the strongest member. Ad 4482 and 4489 
are extremely weak. The strong satellites AA 4435 and 4389 reach 
the condition where emission and absorption neutralize each other. 

Multiplets I and II are inter-system combinations of quintets 
and septets. Both arise in the d’ level, which is the lowest level 
known in the neutral iron atom. The inter-system combination 
seems especially favorable to the production of the bright lines. All 
these lines belong to King’s class I or IA, but they are not among 
the ‘‘raies ultimes”’ of De Gramont, which are farther in the violet. 

Multiplet III is an f-g’ triplet combination arising from the 
lowest triplet level. Two members only are bright. The absorption 
of the other members is much diminished at the time when the 
bright lines have their greatest intensity. AX 4250.8 and 4271.8 are 
blended with the neighboring high-temperature iron lines, \X\ 4250.1 
and 4271.2, respectively, but the latter are relatively weak at the 
temperature of Mira and should not affect the multiplet lines to any 
great extent. Merrill" has found that at the positive pole of the arc 
AA 4202 and 4307 are unchanged in intensity, but that Ad 4250.8, 


t Mt. Wilson Contr:., No. 253; Astrophysical Journal, 56, 479, 1922. 
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4271.8, and 4325) are slightly strengthened. This difference is in the 
direction found in o Ceti. The star appears to furnish an exceedingly 
sensitive test of the response of these lines to different degrees of 
excitation, and, in turn, their behavior should reveal very accurately 
the conditions prevailing in the star. Doubtless the most important 
factor is that of temperature. 

With this problem in mind, Mr. King has been kind enough to 
examine some spectrograms of iron taken with the furnace and 
carbon plug. He finds that as the temperature of the plug is in- 
creased the low-temperature lines are the first to appear in absorp- 
tion. The line \ 4307 shows easily and \ 4202 very faintly, together 
with \ 4375 and several of the low-temperature iron lines which are 
bright in o Ceti, with a plug temperature of 2000° and a vapor 
temperature of about 1600°; but \ 4325 does not appear at all. For 
some unknown reason AA 4202 and 4307 are more sensitive to 
changes in excitation than the other members of the multiplet.? 

At maximum the lines of this multiplet, as well as the strong low- 
temperature lines of class I, are the usual type of absorption lines. 
Lower temperatures following maximum have the effect of increas- 
ing the emission, so that the core is filled up until the absorption is 
entirely neutralized, and later some of the lines appear entirely in 
emission. These emission lines increase in strength to a maximum 
at magnitude about 8.0 and then decrease again toward minimum. 

The intensities of the strong lines of multiplet III are given in 
Table XIII and illustrate the behavior of these lines in absorption 
and emission at different phases of the star’s variation. The cases 
for \A 4202 and 4307 are somewhat puzzling, but when the behavior 
of all the other members of the multiplet is considered, the prob- 
ability for the suggested identification is strengthened. 

Several of the lines do not appear actually to become emission 
lines, but they can no longer be recognized as absorption lines on 
these plates; of the two emission lines, \ 4202 is the weaker and the 
first to appear as a bright line; \ 4307 appears later and remains 
bright until well past minimum. 


* Unpublished. 


2 Note added to proof: Miss Moore finds that \\ 4202 and 4307 are less winged 
in the sun than Ad 4325 and 4271. Astrophysical Journal, 63, 6, 1926. 
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The low-temperature line of magnesium at \ 4571, which is an 
inter-system combination between a single and threefold level, is 
strongest at minimum light and remains bright even longer than 
d 4307. 

Unidentified lines.—If we accept the identification of all the 32 
lines given in Table X, there remain 18 lines whose origin cannot be 
traced. Some of these may in reality be only portions of the con- 
tinuous spectrum giving the appearance of bright lines. Other lines 
appear to be real, but a search among the laboratory spectra of the 
elements fails to suggest any likely identification. 


TABLE XIII 


INTENSITIES IN f-g’ IRoN MULTIPLET 


Plate Phase | Mag 4147 4202 4250 4271 4307 4325 
ae Bolte grey cen eche a ares CPM 13 25h. ar ar a4 a3 ar as 
VENAQ mers cks sarees cuanto 77 See al e4. a2 a3 ° as 
FY LOS OS aranctonsrabare ste sinueee sai 120 7.6 ar e12 ar a2 e12 a2 
MER BES rasp apertieyes eet) «i= ThOe ord: Oo | ero ° oO | e20 ° 
LO Ete Papier ns ete a ee 215 | 9.4 ° ° al at e4 ° 
COOP ROT eed tint Seok bee eek 289 fei! ° a2 ar a2 a2 a2 


From the times of their occurrence with respect to the star’s 
changes, it is possible to predict the nature of the sources in which 
identifications may be expected. Thus \d 4166, 4461.5, and 4521 oc- 
cur at or near maximum and should be expected in comparatively 
high-temperature sources, while Ad 3852, 3907, 3938, 4372, and 4579 
are evidently of low-temperature origin. 


8. RADIAL VELOCITIES GIVEN BY THE EMISSION LINES 


The hydrogen lines H6 and Hy, the iron lines Ad 4202, 4216, 
4291, 4308, and 4376, and the magnesium line \ 4571 have been em- 
ployed for determining the radial-velocity curve of the bright lines. 
These are the lines used as standards for correcting the wave-lengths 
of the bright lines. Since they are the strongest and most persistent 
of the bright lines, they are well suited for measurement over a con- 
siderable portion of the star’s period. Hé and Hy are the only lines 
of the group which appear during increasing light and near maxi- 
mum. During decreasing light, the hydrogen lines are concurrent 
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with several of the other lines for a large part of the time. There is no 
evidence that any of the lines give different velocities; in fact, curves 
for the individual lines show satisfactory agreement with the mean 
curve based on all eight lines. 

These lines are sharp and of superior quality for measurement 
on our plates. Campbell’ and Plaskett? found that the hydrogen 
lines at least are not symmetrical and that measurements were 
affected by the strength of the line on the plate. In practice the 
micrometer wire has been set upon the tips of the strongly exposed 
bright lines. This precaution, which is always possible with plates 
on which the spectrum of the star is narrow, seems to have avoided 
any systematic error that might have entered because of asymmetry. 


TABLE XIV. 


NormMAt Points FOR Emission LINES 


Mean Phase Mean V Mean Phase Mean V 


days km/sec days km/sec. 
TOR Soe eee: SA a TAGS ee ee +48.9 
AQyeteletonses aoe 43.2 LOS ae eictensle 53-0 
Tekense AGO oe 42.4 LOA arattecs ics 52.0 
GEG PORe AC ATs BOP asec 48.0 
EL Giese sccsoisrs oe 45.1 OT; BRIS Cea aes +47.8 
DBA ars evel i548 +48.3 


The measures of the whole series of plates have been examined with 
this in mind, and a special series of plates was taken on January 11, 
1925, with exposures ranging from 1 to 35 min.; but no error of this 
kind seems to be present. Settings can be made on the bright lines 
with great accuracy. On the whole, it appears that, although the 
number of lines used is much smaller, the velocity-curve determined 
from the bright lines is not greatly inferior in accuracy to that deter- 
mined from the absorption lines. 

The velocities found from the eight standard bright lines, with 
their weights, are given in the last two columns of Table II. They 
have been combined into the eleven normals given in Table XIV. 
These are represented by circles with central points in the lower 
portion of Figure 4. The plates showing bright lines have been 


t Astrophysical Journal, 9, 31, 1899. 
2 Journal of the Royal Astronomical Society of Canada, 1, 52, 1907. 
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weighted arbitrarily, as in the case of the absorption lines. The 
normals are means with nearly equal total weight. 

The plot of the normal points shows conclusively that the veloc- 
ity given by the emission lines is not constant and does not follow 
the course of the velocities obtained from the absorption lines. Per- 
haps the most striking, and doubtless an important, feature of the 
curve is that at the time of minimum light the bright lines give a 
velocity which agrees closely with that found from the absorption 
lines. The portion of the bright-line curve showing the rise from least 
to greatest velocity is well determined on account of the number of 
lines available during this interval. 


TABLE XV 


ABSORPTION minus EMISSION VELOCITIES 


Phase a—e Phase a—e 

days km/sec. days km/sec. 
TORT Cees +16.7 TAS eres + 6.1 
AQ ae 19.1 LOS ee ae 0.9 
7 Gwaeas SAL 17.9 TOA ete eee ae Ove 
QOL ncn soe I7.4 207) Sto ateise I4.0 
PTO parce 12.2 COD festive +16.1 
TOAD A Ae ke +7.7 


It is unfortunate that other observers have not followed the star 
to later phases, for it is often possible to photograph the bright lines 
when it is not practicable to make exposures of sufficient length to 
secure the continuous spectrum. The principal features of the 
bright-line curve are, however, supported by the observations of 
Stebbins’ on Mira and by those of Merrill’ for four other long-period 
variables. In both cases a range of about 8 km/sec. is shown with 
a minimum velocity at a phase of about 50 days, followed by a sharp 
rise. Stebbins failed to recognize this variation because of the small 
amount of material (9 plates) available and the inclusion of a num- 
ber of lines which are not subject to this variation in velocity. 

Standing by itself, the velocity-curve of the bright lines seems 
to suggest no explanation of its behavior. If, however, the velocity 
changes are compared with the dark-line curve a clue is unfolded 

t Lick Observatory Bulletins, 2, 91, 1903. 

2 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 237, 1923. 
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which needs consideration and may be of considerable value in in- 
terpreting the phenomena of the emission lines. 

In Table XV the differences between the bright-line normal 
points and the corresponding points on the dark-line curve are given. 
Figure 5 is a plot of these points. 

It will be noted that there are no points between phases 194 and 
297 days on account of the weakness and absence of emission lines 
at that time. Nevertheless, the points seem to represent a curve 
whose maximum, minimum, and form can be expressed by the 


elliptic elements 
K=9.5 km/sec. 
y=+10.8 km/sec. 
€=0.24 
Osi. 
T=155 days 
@ sin 1=42,000,000 km 


The maximum difference of velocity is found at phase 56 days, 
the periastron or most rapid velocity change is at 155 days, and at 
phase 180 days there is practically no difference in velocity between 
bright and dark lines. The curve through the bright-line normal 
points in Figure 4 has been derived by correcting the dark-line curve 
by the differences shown in the curve of Figure 5. The dotted por- 
tion of the curve is not covered by observations and it would, per- 
haps, be well to omit that portion entirely. 


Q. RELATIONSHIP BETWEEN SPECTRAL CHANGES AND 
LUMINOSITY VARIATION 


With Figures 1-7 before us it is possible to obtain a compre- 
hensive idea of the relations between the physical processes taking 
place in the star, even though we cannot clearly outline the forces 
which are at work. 

The following points appear to be well taken: 

1. All physical changes repeat themselves with only slight de- 
viations in succeeding cycles. 

2. The spectral type of the star, and presumably the temperature 
of the absorbing strata, vary with the total luminosity, the earliest 
type and highest temperature occurring at maximum light. This ap- 
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plies generally, to different cycles as well as to changes during a 
single cycle. 

3. The appearance and intensity of the emission lines depend 
essentially on magnitude rather than on phase. It is necessary, how- 
ever, to distinguish between the ascending and descending branches 
of the light-curve, which have quite different spectroscopic behavior. 
For example, in 1917 and 1918, when the light-curves were decidedly 
different in form, the appearance and intensity of the bright lines 
seemed to conform more closely to the magnitude changes than to 
the time elapsed since the preceding maximum. A number of illus- 
trations of this effect may be seen in Table [X where both magnitude 
and phase are given. The relationship was discovered in an attempt 
to arrange all the spectrograms in an unbroken sequence. 

4. The hydrogen and enhanced iron lines have their maximum 
intensity of emission when the star is brightest, or shortly after. 
Certain low-temperature lines appear as bright lines after maximum 
light and reach their greatest intensity at about magnitude 8.5. 

5. The velocity-curve of the absorption lines is similar in shape 
and phase to the light-curve. It is opposite in phase to the usual 
Cepheid curve but has a similar eccentricity. This curve is doubtless 
the fundamental velocity-curve of the lower layers of the star’s 
atmosphere. It is subject to correction owing to the fact that the 
velocities are integrated over the whole disk. Such a correction 
would increase the range of variation if the changes are due to 
pulsation or convection currents. 

6. The emission lines of hydrogen and the bright low-temper- 
ature iron lines have the same displacement. 

7. The velocity-curve of the hydrogen and low-temperature 
emission lines is more intelligible if referred to the absorption-line 
curve. At minimum the two curves give equal velocities. The great- 
est difference in velocity is 56 days after maximum. The bright lines 
always show an outward velocity with respect to the absorbing 
strata. 

8. The low-temperature bright lines appear when the difference 
in velocity is greatest and disappear near minimum when the differ- 
ence is zero. 

g. The bright enhanced lines and the lines of silicon (and 
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indium) have smaller displacements than the hydrogen and low- 
temperature lines and probably lie at low levels in the atmosphere. 
They show in less degree the velocity changes indicated by the 
emission lines of higher level. 


IO. COMPARISON OF OBSERVATIONS AT DIFFERENT CYCLES 


The radial velocity from the absorption lines has been measured 
near maximum by a number of observers during the last twenty- 
eight years. A comparison of the mean results obtained within 
thirty days of maximum is given in Table XVI. 


TABLE XVI 
VELOCITY AT MAxiuumM 


Maximum Mag. V No. Plates Prisms Observer 
km/sec 

INOVer LS Oy erie. GLb +62.0 3 5 Lick, Campbell 
Oct. 1898 2.9 62.8 2 3 Lick, Campbell 
HMO STOO ens <tr 355 66. I I Lick, Stebbins 
DCCTOO Os eae <0 3-9 65.4 2 3 Ottawa, Plaskett 
Ge OOO nen eran 3.9 66.1 3 Q Bonn, Kiistner 
Dec. 1906 3.9 64.2 4 3 Yerkes, Frost 
Dec. 1906 30 GAs 2 I Yerkes, Frost 
Jan. 1915 3.9 70. B I Yerkes, Frost 
Jan. 1915 3.9 54. 2 I Ottawa, Harper 
Pha eafopeecsa Uae 3.9 0327; I i Detroit, Merrill 
DEG wIOLE nopais css: a5 63.4 5 4 Cape, Lunt 
WDC CEOTOLS fe neta a8 66. I I Yerkes, Frost 
INOVer EOL Ose ele on 3.8 63.3 B if Mt. Wilson 
Sener 1Or jams... S20 64.1 5 I Mt. Wilson 
Septy LOL yao. nec 3.6 66. 2 I Yerkes, Frost 
Sept. 1918 3.6 68. 2 it Yerkes, Frost 
Septs 19OrSi. .e5.es 3.6 70. I I Ottawa, Harper 
Sept. 1918 ne SOeL I I Mt. Wilson 
PSUR SE ROTO sia siren a3 65.8 I I Mt. Wilson 
AUIS TOTONa. << cies 53) 69. I I Yerkes, Frost 
NUE O20... es Beer 64.8 2 I Mt. Wilson 
MGI EO 29.sainevs <2 2.8 66.2 3 a Mt. Wilson 
RED MTO24 0 cen v5. 4.7 62.0 4 I Mt. Wilson 
Hl ait LOLS evs nis 3.8 66.4 3 I Mt. Wilson 
NATO? 5 asus ho 3.8 61.3 I 3 Mt. Wilson 


These observations may be grouped according to magnitude as in 
Table XVII. 

It is clear that the velocities from the absorption lines do not 
vary with the maximum magnitude of different cycles to any ap- 
preciable extent, and, in fact, are constant within the errors of 
measurement, as earlier observers have concluded. The velocity- 
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curves for each season separately show that the whole velocity-curve, 
as well as the maximum, is very probably constant; but the con- 
clusion does not carry much weight because of the lack of data. 
On account of the different methods of measuring the bright lines 
used by various observers, it has not seemed worth while to include 


TABLE XVII 
VELOCITY AND MAGNITUDE AT Maximum 


Mag. at Max. V Wt. 
2.8-2.0 +64.3 2 
oie 64.7 df 
209-350 64.6 Io 

4.7 +62.0 I 


these lines in Table XVI. The Mount Wilson results for the maxima 
of eight different cycles give the values of the mean velocities of 


bright Hé and Hy within 30 days of maximum as shown in Table 


XVII. 
TABLE XVIII 


VELOCITIES FROM EMISSION LINES AT DIFFERENT 


MaAxIMA 
Mag. at Max. V No. of Plates 
km/sec. 
PAE ee pl ts Sh ke +48.5 5 
cy eee en i 47.9 8 
IY fags KEN AAs 47.4 7 
BoT alse he SE +46.3 5 


The tendency for larger values of the velocity to occur at brighter 
maxima is suggested, but the result may be accidental, since at 
maximum light only two lines are available for measurement. 

From estimates of intensity, we have the approximate relation- 
ship of intensity of bright lines to maximum brightness at different 
epochs as grouped in Table XIX. The values are rounded off from 
those given in Table IX, and supplemented by a few estimates not 
included there. It is assumed that the effective exposure for the con- 
tinuous spectrum is the same for all the plates considered. The re- 
sults are very rough, but they give an idea of the strengthening of 
the emission lines with increased brightness at maximum. 
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The hydrogen lines are thus affected, not only at the time of 
maximum, but throughout a considerable portion of the particular 
cycle involved, as is apparent in the two cycles reaching maximum 
in June, 1920, and March, 1923, when the magnitudes were 3.1 and 
2.8, respectively. The strength of Hf at bright maxima is remark- 
able. There seems to be some evidence that at times of unusual 
activity Hy is strengthened with respect to Hé. This was certainly 
true in 1923 (mag. 2.8). One is led to conjecture whether the normal 


TABLE XIX 


EMIssION-LINE INTENSITIES AT DIFFERENT MAXIMA 


INTENSITY 
Mac. aT Max. 
Hs Hy HB 
BOS. Liaais abe doneisan ee 65 75 40 
BAe BAO saa ceiate wink aheren 50 40 15 
8 STOO horas nadie anions 45 35 6 
Bia eerctaets "wie eis tas Zits 35 30 2 


order of intensities of the hydrogen lines might not prevail at a very 
bright maximum, such as that recorded by Herschel (mag. 1.5). 
The spectral type would then be expected to be M1 or M2, and the 
conditions would perhaps be the same as in those stars of class Mte, 
such as T Centauri, whose hydrogen lines decrease in strength toward 
the violet. 

Lockyer’ has collected the published data on this point. Of the 
6 maxima fainter than the normal magnitude, 3.5, all have Hé 
stronger than Hy; but for the 6 maxima brighter than 3.5, Hy is 
stronger than H6 on one occasion and equal to it at two other 
maxima. One of the latter two is the maximum of 1923 when the 
Mount Wilson observations indicate that Hy was the brighter. Esti- 
mates show that for maxima of magnitude 3.5 or brighter, H6 aver- 
ages Io per cent stronger on the scale of Table XIX than Hy, while 
for maxima fainter than magnitude 3.5, Hé is 54 per cent brighter. 

The spectral type at maximum varies in a marked degree with 
the magnitude, as is shown in Table XX. 

During the last ten cycles of Mira’s variation two extraordinary 


t Monthly Notices of the Royal Astronomical Society, 84, 563, 1924. 
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departures from the usual procedure have occurred. First, at the 
minimum of November, 1922, the star did not fall below magnitude 
8.5, which is twice the normal brightness. Second, the maximum of 
February, 1924, was so feeble that the greatest brightness (mag. 
4.7) did not exceed one-third its normal maximum. These remark- 
able occurrences seem to be due to causes extraneous to the forces 
which produce normal variations and the minor irregularities ac- 
companying them. 

The spectrograms taken at these times are marked by several 
peculiar features. At the minimum of 1922 the usual conditions 
seemed to prevail, except that \ 4308 was abnormally weak until 


TABLE XX 


SPECTRAL TYPE AT DirrrRENT MAXIMA 


Mag. at Max. Type Mag. at Max. Type 
2, Osea gacemters Ms SO Wie icrere M6 
CR en tre Bi Sd eee a 
Rio Arne areials esters 5 BY Oiver ay tele 7 
Ue Bier Na teorsis's 6 Aca racckaete raat 7) 


September 28, phase 162 days, magnitude 8.2. By November 5, 
phase 200 days, magnitude 8.5, a great change in the appearance 
of the spectrum had taken place. The whole series of bright hydro- 
gen and low-temperature lines had disappeared, although only 
normal changes had taken place in the bands and in the few ab- 
sorption lines which could be seen. Thirty days later, December 5, 
phase 229 days, magnitude 8.3, the star had begun to increase in 
brightness. The spectrum was strong in the region \ 4000-\ 4200 
and great numbers of absorption lines were present which would not 
normally be seen in such strength until two months after minimum. 
Slow and gradual changes ensued while the star was reaching the 
maximum of February, 1923, which was the brightest (mag. 2.8) of 
the last 20 years. No unexpected features were noted after Decem- 
ber 5. From a spectroscopic viewpoint the minimum of 1922 seems 
to have hurried through its changes with extraordinary rapid- 
ity. If the time allotted for the changes had been twice as great, the 
minimum would have passed as a normal one. The light-curve shows 
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the effect to a lesser degree; the minimum occurred 15 days, and the 
following maximum, 9 days in advance of the time predicted by 
mean elements; the preceding decline in brightness was nearly 
normal to the seventh magnitude; the minimum was flat, and the 
rise to maximum very steep. 

The exceptionally low maximum of February, 1924, is especially 
interesting because of the appearance at that time of a new and un- 
known series of bright lines or bands and the presence of broad ab- 
sorption bands in the region \ 4600-\ 4900, which have not hitherto 
been noted in any stellar spectrum. These peculiarities may be 
seen in Plate X where spectrogram C 2663 is reproduced alongside 
C 2171, taken March 28, 1923 (mag. 3.2), for comparison. 

The most prominent bright band, after correction for the usual 
velocity of bright lines, has its center at \ 4844.7. Its width is about 
7 A. Other strong bright regions less than 1 A in width are found at 
AA 4535-5, 4049.15, 4672.76, 4695.40, and 4867.53. These have the 
appearance of rather wide bright lines, but must be related to the 
accompanying bands, for there seems to be an absorption band from 
5 to 15 A in width to the violet of each of the bright regions. The 
absorption is not more than one-fourth the intensity of the titanium 
oxide band at \ 4803, and seems to fade toward the violet, opposite 
to the titanium bands. 

In order to separate the peculiarities of the maximum of 1924 
from a normal maximum, Koch microphotometer curves of plates 
C 2663 and C 2171 were compared. By subtracting the normal curve 
from the abnormal one, dark bands were disclosed in the regions 


dA 4584-4647 (6) AA 4722-4758 (2) 
4658-4666 (1) 4760-4803 (6) 
4686-4713 (1) 4815-4842 (2) 


The relative intensity of absorption is given in parentheses. The 
two strongest bands are affected by titanium absorption, which, at 
the maximum of 1924, was somewhat greater than normal. 

Regions of strengthened emission are indicated at: 

dA 4649-4661 (2) 
4669-4695 (4) 
4804-4816 (3) 
4843-4905 (7) 
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The band structure may be tentatively identified with that of 
magnesium hydride, which has been positively recognized in the 
spectrum of sun-spots, but does not appear in the solar spectrum 
itself. A comparison of these wave-lengths with Fowler’s laboratory 
spectrum? of magnesium hydride shows so many features in common 
that if there were any positive evidence of the presence of the strong 
absorption band in the green with its head at \ 5210, the identifica- 
tion would be quite certain. Spectrogram y 12447 shows a portion 
of the green region faintly, but beyond \ 5167 the titanium band 
cuts down the continuous spectrum to a mere shadow. What little 
evidence this plate affords may be said to be favorable to the identi- 
fication, but it is hardly conclusive. 

These unusual features are found on all six plates from January 
12 to March 11, 1924, and doubtless are intimately connected with 
the cause of the low maximum. It is unfortunate that no spectro- 
grams were taken in the visual region at this maximum in order to 
show whether there were other absorption bands farther to the red. 
The weakness of the bright hydrogen lines at the 1922 maximum 
may be due, in part, to loss of hydrogen taken up by the molecules 
of the hydride. 

The new titanium bands described in Section 4 are especially 
strong at this maximum. 


II. ABSOLUTE MAGNITUDE, SURFACE BRIGHTNESS, 
MASS, AND DENSITY 


Unfortunately, the distances of the Me stars are not well enough 
known to permit the calibration of the absolute-magnitude curves of 
spectral lines. Several of the lines which give acceptable values for 
the spectroscopic absolute magnitude of giant M stars may, how- 
ever, be used to estimate the luminosity of o Ceti. Those found prac- 
ticable are AX 4077, 4215, 4258, and 4490. By using the curves for 
the ordinary M stars, the absolute magnitude of o Ceti at normal 
maximum is found to be —o.8. The computations of Merrill and 
Strémberg,’ and also those of Wilson referred to in the same paper, 
indicate that the spectroscopic values thus found for Me variables 

* Philosophical Transactions of the Royal Society of London, A, 209, 478, 1909. 

2 Mt. Wilson Contr., No. 267; Astrophysical Journal, 59, 104, 1924. 
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are too bright by about one-half a magnitude. The corrected abso- 
lute magnitude of Mira at normal maximum would be —o0.3. The 
corresponding parallax is o”017, which is in reasonable agreement 
with the best statistical determinations. With this we must be con- 
tent for the present for, unfortunately, trigonometrical parallaxes of 
o Ceti cannot be used until they have been properly corrected for 
the effect of the companion in displacing the photographic images. 
It is probable, however, that in a few years the relative motion of the 
companion will be sufficient to permit the determination of a 
dynamical parallax. 

The luminosity lines show sufficient change in intensity to 
indicate clearly that the spectroscopic absolute magnitude becomes 
considerably fainter as the visual brightness decreases. The lack of 
suitable reduction curves makes it impossible, however, to evaluate 
the corresponding absolute magnitude differences. 

Using the parallax of o’017 found above and the angular diam- 
eter of o%056 measured by Pease’ with the interferometer, we find 
the linear diameter to be 354 times that of the sun, or 490,000,000 km 
(310,000,000 mi.). At normal maximum (mag. 3.5) the average sur- 
face brightness per unit area is 7.5 magnitudes fainter than that of 
the sun. 

The giant character of Mira leads us to believe that its mass is 
rather great, but there seems to be no direct method of determining 
it at present. The combined and individual masses may ultimately 
be found from its orbit and its orbital movement with respect to 
other stars. 

The researches of Seares? indicate that the mass should be be- 
tween 1 and ro times that of the sun. If we take an intermediate 
value of 50, the corresponding density for the star is 1.1 X 1077 as 
compared with the sun, or about one ten-thousandth that of our at- 
mosphere. The surface gravity is very low, being 4 X 107 times that 
of the sun. 

12. TEMPERATURE 

An estimate of the effective temperature at normal maximum 
(mag. 3.5, type M6) may be obtained by extrapolation from Abbot’s 

t Publications of the Astronomical Society of the Pacific, 37, 90, 1925. 

2 Mt. Wilson Contr., No. 226; Astrophysical Journal, 55, 202, 1922. 
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table He finds from radiometric measures of stellar spectra and 
comparison with black-body energy curves the values given in Table 
XXI. The normal maximum temperature of o Ceti must therefore 
be very nearly 2400° K. For the Me stars, many of which are of 
later type than Mira, Merrill,? from a comparative study of the be- 
havior of stellar lines in the electric furnace, has estimated the tem- 
perature to be 2200° K. 
TABLE XXI 


ABBOT’S STELLAR TEMPERATURES 


Star Type Temperature 
@ LAUti oe css ae Ks 3000° K 
iB .Pepasioetaehn M2 2850 
@OUIONIS sere teers M2 2600 
Cale Keogh Sey oa a ae Ms 2500 


King? has shown that when sufficient oxygen is present the 
titanium oxide bands appear strongly in the electric furnace from 
1900° to 2600°. 

Nicholson and Pettit, from thermocouple measures of total 
radiation, with and without a water cell, find temperatures of 2300° 
and 1800° K for average maximum and minimum, respectively, dur- 
ing the last four cycles. For the same period they observed an aver- 
age total energy change from maximum to minimum of 1.1 mag- 
nitudes. 

If we assume that the change in visual brightness varies as the 
radiation at \ 5750, which is the maximum of the visibility curve for 
these stars, we have from Planck’s law of energy distribution, 


C2 


B, _eb— I 
5 aS 
elves 


* Mt. Wilson Contr., No 280; Astrophysical Journal, 60, 105, 1924. 
2 Mt, Wilson Contr., No. 265; Astrophysical Journal, 58, 200, 1923. 


3 Mt. Wilson Contr., No. 114; Astrophysical Journal, 43, 341, 1916; Publications of 
the Astronomical Society of the Pacific, 36, 140, 1924. 


4 Unpublished. 
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where B; and B, are the visual luminosities at maximum and mini- 
mum, respectively, and 7; and T, the corresponding temperatures. 
Taking C,= 14300, T:=2300° K, and T,=1800° K, 

B, = 3.3 mae: 
By the fourth-power law these temperatures indicate a difference in 
energy of 1.1 magnitudes. 

Thus, according to black-body laws, a change in total energy of 
1.1 magnitudes at these temperatures corresponds to a visual range 
of 3.3 magnitudes. The average visual variation of Mira for the same 
period is 5.3 magnitudes. The difference between the observed visual 
range and the amount calculated from the radiometric measures is 
2.0 magnitudes. This difference can be attributed to the excessive 
absorption of the titanium oxide bands at minimum. 

Suitable plates for photometric testing of the energy in different 
spectral regions at maximum and minimum are not available, but an 
idea of the absorption produced by the titanium bands may be 
gained from a comparison of Mira at maximum, when the type is 
M6, with a K5 giant star, in which the bands are not noticeably 
present. 

For this test, spectrograms of Mira and Boss 646 were made with 
the 100-inch telescope on December 6, 1925, when the stars were at 
the same zenith distance. The regular Cassegrain spectrograph was 
employed, but to avoid troubles from atmospheric dispersion the slit 
was opened to one-half a millimeter. Ilford Panchromatic plates 
were used and developed together with dilute Rodinal. A strip at 
the edge of each plate was exposed to a Mazda lamp through a 
graduated photographic wedge whose energy transmission was cali- 
brated by Mr. Pettit. Koch microphotometer curves of the spectra 
and the graduated strip were made. Areas under the curve were 
measured and reduced to relative energy by the wedge constants. 
In this way it is possible to compare the relative energy in the two 
stars for any part of the spectrum between Ad 4100 and 6800. 

A rough estimate of the absorption of the titanium bands can 
now be made by comparing the energy distribution in o Ceti at 
maximum with that of Boss 646. If we equalize the energy of the 
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two stars for the limited region \X 4100-4300, where the bands do 
not show, by applying the proper factor to the measured energy of 
one of the stars, then the remaining portions of the two spectra, 
comprising practically the whole visual region, will show unequal 
energies arising from the difference in temperature and from tita- 
nium absorption. A comparison of black-body energy-curves for 
temperatures of 3000° and 2500° K shows that the visual region of 
the cooler star ought to give 2.0 times as much energy as that of the 


° 0.5 bt Ip 1.5 ue 2h 2.5@ 3h 3-5@ 4b 


Fic. 8.—Black-body curves for 1800° and 2300° K, showing a difference in total 
radiation of 1.1 magnitudes. The shaded portions represent the region \\ 3000-6700 
and indicate the much larger difference in the visible radiation, which at these tem- 
peratures is only a small fraction of the total radiation, 


hotter star when the regions from Ad 4100-4300 are brought to 
equality. Measures of the microphotometer curves show, on the con- 
trary, that, when the violet regions are equalized, o Ceti shows less 
energy in the visual region (AA 4300-6700) than Boss 646 by a factor 
of 3.0. Itis evident that the titanium oxide absorption is represented 
by a factor of 6.0, or 1.9 magnitudes. Inspection of plates taken at 
minimum indicates that the increase in strength of the bands at 
minimum is of the same order, and that the discrepancy of 2.0 mag- 
nitudes between visual and radiometric measures may be fully ac- 
counted for in this way. The greatest outstanding uncertainty is due 
to our lack of knowledge of the extension of the titanium bands into 
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the infra-red. A study of the actual amount of titanium absorption 
at different phases would be a valuable contribution to the problem 
of the star’s variation. 

The overlapping of bands is so general at low temperatures that 
nearly all of the continuous spectrum in these regions is reduced more 
or less in intensity. The more refrangible rays on the violet side of 
d 4200 are not absorbed and, as Stebbins’ has pointed out, are thus 
relatively stronger at minimum. 

Figure 8 shows the calculated energy-curves at maximum and 
minimum, for temperatures 2300° and 1800° K, and a difference in 
total radiation of 1.1 magnitudes. It is instructive to note the small 
percentage of energy falling within the visual region and the large 
effect of temperature change upon the amount of visible light. 

The question of the applicability of black-body laws to a star 
of this character is still open. There may be complications connected 
with the nature of its variability and its bright lines, but it seems 
very probable that when the effects of bands and atmospheric ab- 
sorption are taken into account, the radiation given out will closely 
follow the normal energy-curve. 


13. THE DISCOVERY OF THE VISUAL COMPANION 


Although the emission line of Hf belonging to the companion 
appears on spectrograms of o Ceti taken in 1918, it was not until the 
minimum of January, 1920, that it was possible to obtain spectra at 
minimum and to appreciate the extraordinary character of the 
hydrogen lines and the peculiar effect of the superposition of the 
continuous spectrum of the companion on the banded spectrum of 
the variable star. During the next two years minima occurred during 
the winter months and little progress was made in solving the prob- 
lem. Although Professor Barnard failed to resolve the star under bad 
conditions of seeing, the impression of duplicity gained in strength. 
The position angle and distance of the source of the peculiar spec- 
trum were roughly estimated from spectrograms taken with the slit 
in different position angles to be 135° and 073 respectively.” 

t Lick Observatory Bulletins, 2, go, 1903. 


2 Publications of the American Astronomical Society, twenty-ninth meeting, p. 15, 
1922; Popular Astronomy, 31, 237, 1923. 
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In 1923 the star seemed to be elongated on the slit of the spectro- 
graph. At our suggestion, Dr. Robert G. Aitken examined the star 
with the 36-inch refractor of the Lick Observatory on October 19 and 
found it to be an easy double; position angle, 130°3; distance, o%90; 
magnitude of the companion, about 9.8.’ At the minimum of 1924 
there was “‘little or no evidence of change.’” 

The companion was noticeably fainter in 1925. On the spectro- 
grams taken in July the continuous spectrum of the companion was 
relatively weak as compared with the two preceding years. On 
August 25, during a visit to Mount Hamilton, Drs. Aitken and 
Moore showed the writer the star with the 36-inch refractor. The 
companion was at least 13 magnitudes fainter than the primary and 
was not easily seen under the rather poor conditions of seeing then 
prevailing. They pointed out that, under similar conditions, it would 
have been easy to observe at the two preceding minima. The Sep- 
tember spectrograms show no trace of the continuous spectrum of 
the companion and only faint indications of the bright hydrogen 
lines. Unquestionably, the companion is also a variable star of long 
or irregular period. It was, doubtless, too faint to have been seen 
by Aitken in 1903 and Doolittle in 1905. 

The maximum brightness seems to have been reached in 1922 or 
1923 and to have fallen off rapidly in 1925. A number of the stars 
of its spectral type with bright lines have been found to be irregular 


variables. 
I4. THE SPECTRUM OF THE COMPANION 


During minima of o Ceti it has been possible to secure spectro- 
grams of the companion with very little interference from the 
brighter star, The outstanding features of the spectrum are: the 
hydrogen lines, made up of very strong emission components with 
absorption centers; the strong continuous spectrum whose intensity 
distribution resembles that of the late B-type stars; the bright bands 
of helium and ionized calcium; and the fairly sharp but weak bright 
lines of ionized iron. 

No absorption lines are seen except those accompanying the 
hydrogen series. The spectral type is probably about B8. This de- 

* Publications of the Astronomical Society of the Pacific, 35, 323, 1923. 

2 [bid., 36, 296, 1924. 
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termination is based on the continuous spectrum, on the fact that 
bright helium is present, and on analogy with similar stars in which 
helium absorption lines make their classification possible. 

H.D. 50138 has similar hydrogen lines, while H.D. 1611147 has 
bright lines of ionized iron. The bright bands of helium and of H 
and K of calcium seem to be unique. They are 4 or 5 A in width and 
usually are not suitable for accurate measurement. They have ap- 
proximately the same displacement as the sharp bright lines of iron. 
The helium lines, \X 4026, 4388, 4471, 4713, D;, and probably 4922 
and 5016, are present. 

The hydrogen series has been observed from Ha to He. The lines 
fall off in intensity toward the violet, as is usually the case with 
bright-line stars other than the Me variables. Ha has been seen on 
three photographs, but its exact character and strength cannot be 
determined on account of overexposure in that region. He is faintly 
seen on a few plates. The other lines, HB, Hy, and H6, are much 
alike in structure and, on account of their great intensity, are easily 
observed with moderate exposures. Hy is much stronger with re- 
spect to its continuous spectrum than Hy of the Me star at its 
maximum intensity. H@ is about three times the intensity of Hy, 
and H6 is correspondingly weaker. 

The hydrogen lines are made up of three parts: a strong emission 
component about 4 A in width, displaced about 2 A to the red from 
its normal position after allowing for the velocity of the star; a 
strong absorption line 2 A in width, displaced to the violet about 1 A; 
and a violet emission component of variable strength lying 3 A to 
the violet of the normal position of the hydrogen lines. 

The hydrogen lines, at times, resemble those of P Cygni. The 
violet components of H8, Hy, and #6 are nearly equal in intensity, 
showing only a slight strengthening from violet toward the red. Asa 
result the violet component is stronger with respect to the red in 
H6 than at HB. At some minima the violet component is very faint, 
while in 1923 it was comparable with the red component. The rela- 
tive maximum strength of the violet component of Hf at the succes- 
sive minima from February, 1920, to August, 1925, was I, 5, 5, 5, 10, 
2, 2. Further, the violet component is proportionately brighter near 


t Merrill, ibid., p. 225, 1924. 
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the minimum phase of the Me star. Its maximum strength is found 
in every case on plates taken between the phases 205 and 230 days. 
The intensity increases up to the time of minimum and decreases 


TABLE XXII 
INTENSITIES OF THE VIOLET CoMPONENT OF HG 


Phase Intensity Phase Intensity 
days days 
TO eva cet co neat I AON ERS 5 SACS 4. 
Te eet aaya arse 2 DOAM a creth.: 5 
LOT petri 2 BROCK es on 2 
LOS We Ppa 2 QE Ori cr ae ° 
a 
b 
c 
Hy 


Fic. 9.—Curves drawn from thermocouple deflections showing photographic 
intensities of Hy in the spectrum of the companion of Mira. (2) C 2482, October 109, 
1923; phase 218 days. (b) C 1494, December 14, 1921; phase 204 days. (c) C 1547, 
February 5, 1922; phase 257 days. The vertical line represents the normal position of 
Hy. Scale, 3 mm=1 A. 
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thereafter. For example, in 1921 the estimated intensities were as 
given in Table XXII. 

The intensity thus appears to vary with the brightness of the 
companion and inversely with that of Mira. 

There is no certain indication of variation in the position or 
intensity of the red emission component. Figure 9 illustrates the Hy 
line at three different phases. The curves are formed from thermo- 
couple deflections taken with a narrow slit at intervals in the region 
of Hy and give accurate relative intensities of the photographic 
blackening in that region of the spectrum. The vertical line indicates 


TABLE XXIII 


EmissIon LINES OF COMPANION 


dX (Rowland) r (1,A.) d (Rowland) d (1.A.) 
A233 8S cuaein .16 4520.40.... 24 
AOD am nia rk .18 ABD OO mca .64 
AGORn oA a ae, .18 Pile Wills Bacay ag 
ASR DOS tere Sti AGLO; 04.05 .48 
BALO SOS rice .8r 4550.06.... .9O 
BASG Bie. = os n2T 4584.02.... .84 
BAO er ais -41 AQQA. ier cr .92 
ASOSTAS) nae. 20 BOTS Oi ean -44 


the position of Hy displaced toward the red to allow for the velocity 
of the star as determined from the bright lines. 

It will be noted that the absorption line is so strong that, in each 
case, the curve falls well below the level of the neighboring con- 
tinuous spectrum. The absorption seems to fall farther to the violet 
as the violet component becomes weaker, but this effect may be 
apparent rather than real. 

The whole band extends about equal distances on either side of 
the normal position of Hy, but the absorption line is situated well 
to the violet of the center. 

Emission lines of ionized iron, as given in Table XXIII, have 
been identified. Many of these lines are very faint on our spectro- 
grams. As they are also of poor quality for measurement, the results 
show a wide range and should be given small weight. Table XXIV 
shows the velocities resulting from the identification given above. 

The mean velocity of +51.0 km/sec. is nearly that of both dark 
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and emission lines of the Me star at minimum. During the three 
years covered by these observations there was probably no change 
in velocity. 

The bright lines comprise most of the stronger lines of ionized 
iron in the blue region of the spectrum. Lines belonging to other 
elements, if present, are too faint to be seen. 

If the maximum apparent magnitude of the companion star is 
g.8 and the absolute magnitude of the principal star is —o.3 at 


TABLE XXIV 


VELOCITY OF COMPANION FROM Bricut LINES 


Plate No. Lines V 


normal maximum (mag. 3.5), the absolute magnitude of the com- 
panion is +6.0. It must be considered as an early-type dwarf star, 
and is the only one thus far found to have a bright-line spectrum. 


I5. DISCUSSION 


It is not the purpose of this paper to attempt a theory of the 
variation of the stars of the Mira type. The problem of the under- 
lying cause of the periodic physical convulsion which produces the 
variation of these stars is one which will ultimately yield to theo- 
retical attack when sufficient observational material is at hand. It 
may be well to consider briefly the bearing of recent study on the 
question. 

If the velocity-curve shown by the absorption lines can be inter- 
preted as a spherical pulsation of the star, it would mean a consider- 
able change in the size of the disk and a corresponding variation in 
the total luminosity. The largest size would be during the star’s 
increasing light and the smallest on the decreasing branch. At maxi- 
mum and minimum it would have intermediate dimensions. The 
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semi-variation of radius given by the elements of the orbit of the 
dark lines is 26,200,000 km, which is a pulsation of about 11 per cent 
about a mean position. Since the velocities are integrated over the 
whole disk of the star, the actual changes would be about one-third 
greater.’ This amount is comparable with the relative change found 
for Cepheids and is a much smaller percentage variation than that 
found in a Orionis by interferometer measures of diameter. It ap- 
pears doubtful, indeed, whether the full change, which would pro- 
duce a variation in brightness of one-half a magnitude or more due 
to variation in the size of the disk, actually occurs. Such a distortion 
of the light-curve should be detected in the visual curve and will cer- 
tainly be noticed, if present, in the bolometric curve. In case the 
spherical pulsation is disproved, alternative explanations may be 
sought in non-spherical pulsations or atmospheric currents such as 
have recently been considered in the case of the sun. 

It is not possible to admit of a two-body system in explanation 
of the radial velocity changes, since, even with the most favorable 
inclination and masses, the orbit of the secondary star would be well 
within the limit of the known dimensions of the primary. 

The emission lines themselves play little or no part in the light 
variation, for the total light given out by bright lines is less than 
I per cent of the total visual light. They are, however, of the 
greatest interest from a physical standpoint. A thorough knowledge 
of their origin and behavior might open up the whole problem and 
would shed much light on the question of stellar atmospheres under 
conditions of extremely low density and gravity. 

The emission lines of hydrogen and the low-temperature lines of 
iron and magnesium give the same velocities, irrespective of the 
time of their first appearance. Thus, they seem to originate in a 
moving stratum or shell, rather than in explosions or prominences 
shot out at intervals from the atmosphere. Even the emission lines 
of silicon and ionized iron, which are produced under conditions 
of greater excitation, seem to share the same velocity changes in a 
less degree. 

Except at the time of minimum light, the movements of this 


t Shapley and Nicholson, Proceedings of the National Academy of Sciences, 5, 422, 
IgIQ. 
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shell, as recorded by the emission lines, are always outward with 
respect to the reversing layer where the absorption lines are pro- 
duced. The hydrogen lines appear with the rise in temperature and 
show increasing intensity until well after maximum. The low-tem- 
perature lines appear after maximum when the temperature has 
fallen sufficiently, but do not find favorable conditions for excitation 
during the time of rising temperature. When the temperature has 
dropped to minimum all bright lines disappear for a time. 

The location of the emitting layer relative to the absorbing layer 
cannot be determined conclusively. Emission is usually to be ex- 
pected at the higher levels, but the behavior of He and several of the 
ultra-violet hydrogen lines suggests an overlying layer or diffuse 
cloud of absorbing calcium and iron. Possibly the peculiar distribu- 
tion of intensities found among the hydrogen lines having wave- 
lengths longer than He may also be accounted for by absorbing 
hydrogen. 

It should be kept in mind that we see the integrated light from 
the whole disk of the star and that lines which are bright at the 
center may or may not be bright at the limb; and, further, that varia- 
tion of the darkening at the limb would tend to mask luminosity 
changes. 

Recognition of the temperatures involved at maximum and 
minimum connects the problem of the star’s variation more closely 
with that of other types of physical variation of stars. For, taking 
into account the fact that a large loss of light in the visual region re- 
sults from a small change in bolometric magnitude at these temper- 
atures and allowing for the increasing absorption of the titanium 
oxide bands, we find that variation in energy arising from internal 
causes is of the order of one magnitude. This leads to the conclusion 
that the physical changes may be traced to sources similar to those 
prevailing in the hotter variable stars and that the whole group of 
physical variables may be found to form a sequence from the 
shortest to the longest periods. 

Temperature estimates have been derived from studies of the 
spectra and, more recently, have been amply confirmed by radio- 
metric observations. The agreement of these results indicates that 
the temperatures are known within about 5 per cent. 
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The important part played by the titanium bands is evident upon 
inspection of spectrograms taken at different phases of the star’s 
variation. General absorption may also be present, but it seems 
clear that its effect must be small as compared with the titanium 
absorption. 

The companion is a most unusual star. It will be interesting to 
observe its future variation in brightness, as well as its motion, and 
to confirm the influence of the principal star on its emission lines. 

It is a pleasure to acknowledge the assistance rendered by many 
members of the Observatory staff during the progress of this study. 
All the members of the spectroscopic department have taken part 
in the observations, measurements, or computations. Mr. Ellerman 
has reproduced photographs for study and prepared the illustrations. 
Miss Ware has made the microphotometer curves. Messrs. Nichol- 
son and Pettit have assisted very greatly in the sections concerning 
temperature and energy distribution. Mr. King has supplied labora- 
tory plates which have helped in the solution of several puzzling 
questions. Mr. Merrill has given advice on many occasions. Mr. 
Adams has shared in much of the work, especially in the earlier part 
of the investigation covered by our joint papers, and has continued 
his interest throughout. 


Mount WItson OBSERVATORY 
March 1926 
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SOLAR HYDRODYNAMICS 
By V. BJERKNES: 


ABSTRACT 


Hydrodynamical discussion of internal solar motions, especially vortex motions for 
explaining sun-spots—It is shown that the low temperatures of sun-spots may be ex- 
plained if the vortices connected with them decrease in intensity from the surface 
downward. The excess of centrifugal force in the upper part of the vortex then gives 
rise to a centrifugal pumping effect, by means of which the gases in the central region 
are lifted from below and adiabatically cooled. 

A simple view of the numerous collective properties of sun-spots is obtained if we 
make the following suppositions: Sun-spot phenomena originate in two sub-photo- 
spheric zonal vortices, one for each cycle, which have opposite rotations. These vortices 
occasionally rise to the surface and penetrate the sun’s atmosphere, and then return 
again below the photosphere. Wherever a sinuous vortex rises and cuts the photosphere 
a sun-spot of the corresponding cycle makes its appearance or may be discovered. 
The direction of rotation is supposed to determine the sign of the magnetic field. In 
virtue of the internal circulation of the sun, which may also explain the phenomenon 
of the equatorial acceleration, the two vortices revolve round each other, the period of 
revolution being the complete sun-spot period of 22 years. 


Hale’s discovery of magnetic fields in the sun-spots, of the regu- 
lar succession of the polarities in binary groups, and of the reversal 
of these polarities from cycle to cycle has created an entirely new 
situation as regards the theory of sun-spots and of solar phenomena 
in general. 

No attempt has yet been made, as far as I know, to give a con- 
nected interpretation of these phenomena. Any interpretation, how- 
ever improbable, may therefore have a certain relative value. But 
in taking up the subject I must emphasize the fact that I enter a 
field entirely new to me. All my knowledge of solar phenomena has 
resulted from the recent opportunity for discussion with the astrono- 
mers of the Mount Wilson Observatory, to whom I here express my 
appreciative thanks for their interest and assistance. 


I. RESULTS AND PRINCIPLES OF PHYSICAL HYDRODYNAMICS 


We shall begin by summarizing certain general principles and 
results which will be used later, and then add a number of supple- 
mentary developments.” 


* Research Associate of the Carnegie Institution of Washington. 

2 Cf. the lectures given at the California Institute of Technology, Pasadena, 
September to December, 1924, which will be published later. The concluding lecture 
gave the sun-spot theory which is the subject of this paper. 
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1. Dynamics of circulation.—The internal dynamics of a perfect 
fluid depends upon two fields, that of pressure and that of mass. In 
the field of pressure the pressure gradient points in the direction of 
decreasing pressure and represents the force per unit volume origi- 
nating from pressure. In the field of mass the inertia gradient points 
in the direction of decreasing inertia, i.e., of decreasing density or in- 
creasing specific volume. If the two vectors do not coincide, the 
inertia will be asymmetrically distributed relative to the force due 
to pressure. This will give rise to rotation about an axis normal to 
the two vectors, tending to bring the densest masses in the rear. 
The rotation will thus be directed from the inertia gradient toward 
the pressure gradient. 

To give the law quantitative form we may represent the field of 
pressure by isobaric surfaces drawn for unit differences of pressure, 
and the field of mass by surfaces of equal specific volume (isosteric 
surfaces) drawn for unit differences of this quantity. These surfaces 
divide space into a set of unit tubes, characterizing the asymmetry 
which the field of mass presents relative to the field of pressure. 
The positive direction of rotation around these tubes is by definition 
that mentioned, i.e., from the inertia gradient to the pressure 
gradient. Defining with Lord Kelvin the circulation along a closed 
curve as the line integral of the tangential component of velocity, 


C= ff ee (x) 


and calling V the number of unit tubes comprised by the curve, we 
have 


ly, ? (2) 


i.e., any closed fluid curve has at any time a rate of increase of circula- 
tion in the positive direction round the unit tubes which is numerically 
equal to the number of these tubes included within the curve.t 
Classical hydrodynamics restricts its considerations to “baro- 
tropic” conditions, according to which the field of pressure entirely 
* Cf. V. Bjerknes, ‘Ueber die Bildung von Cirkulationsbewegungen und Wirbeln 
in reibungslosen Fliissigkeiten,” Videnskabsselskabets Skrifter, Christiania, 1808. 
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governs the field of mass. The inertia gradient then coincides with 
the pressure gradient, no unit tubes exist, NW =o, and (2) reduces to 


C=const. (3) 


Thus, the circulation of any closed fluid is invariable. This is the 
Helmholtz-Kelvin principle of the conservation of circulations and 
vortices. All circulations in fluid or gaseous masses, such as those 
surrounding or constituting the celestial bodies, must be according 
to law (2), and may be calculated from it if we can determine the 
isosteric surfaces, or the equivalent isothermal surfaces, as something 
different from the isobaric surfaces. When, vice versa, variations of 
circulation are known, we may derive the corresponding numbers of 
unit tubes, and thus derive relative distributions of mass and pres- 
sure. Only one example, which is instinctively understood, will be 
given here: 

Let a horizontal curved current be given, which for simplicity 
is assumed to be steady or approximately steady. If the current has 
an upward-increasing intensity, the upper masses will have an excess 
of centrifugal force. This produces a centrifugal pumping effect, 
which lifts heavy masses (adiabatically cooled gas) on the inner con- 
cave side of the current. If, vice versa, the current has an upward- 
decreasing intensity, the lower masses will have an excess of cen- 
trifugal force. This causes a centrifugal sucking effect, which brings 
light masses (adiabatically heated gas) down on the inner concave 
side of the current. A vortex with an upward-increasing velocity 
will, therefore, have a core of heavy masses or cold gas; a vortex 
with upward-decreasing velocity, a core of light masses or of hot 
gas.” 

The theorem of circulation (2) gives completely the dynamics of 
these pumping and sucking effects, and leads to a convenient formula 
characterizing the equilibrium conditions ultimately reached. In de- 
riving such a formula, we may use the gas equation, and thus intro- 
duce the absolute temperature # instead of the specific volume. Let 
dv be the increase in velocity for an increase in height dz, g the accel- 
eration of gravity, d & the increase in temperature for an increase in 


t Cf. V. Bjerknes, ‘‘On the Dynamics of the Circular Vortex with Applications to 
Atmospheric Vortex and Wave Motion,” Geofysiske Publikationer,.Christiania, 1921. 
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length ds measured along a curve s which is contained in the isobaric 
surface, runs normal to the lines of flow, and is counted positive out- 
ward, ie., from the concave to the convex side of the current. 
Finally, on account of the curvature of the current, the moving 
particles have a certain angular velocity Q around an axis which 
forms the angle ¢ with the isobaric surface. Then represents the 
component of angular velocity round the normal to the isobaric 
surface. We then have the formula 

1d 2Q sin ¢ dv 

ods g a (4) 


which may be used as long as the vertical accelerations are zero or 
moderate and the state of motion steady or nearly steady. 

The principle of pumping or sucking effects of curved currents 
takes a slightly different form when, from absolute motion, we pass 
to the motion relative to a rotating body like the earth or the sun. 
A current which is straight, relative to the rotating rigid body, will be 
curved from the viewpoint of absolute motion. Instead of referring 
to the concave and convex side of the curved current, we refer to 
the left and right side of the apparently straight current, and find the 
following rule: 

In the northern hemisphere of the earth or the sun a current will 
carry cold masses on tts left side, if it has an upward-increasing inten- 
sity, and on its right side, tf it has upward-decreasing intensity.* 

As an example, we may mention that the general atmospheric 
motion of the northern hemisphere of the earth is an eastward drift 
with upward-increasing intensity, which carries the cold polar air 
masses on its left side. Formula (4) applies directly to these relative 
motions when ¢ is the latitude and Q the angular velocity of the 
earth or the sun. 

A more complex formula can be derived to cover the case of a 
current which appears curved in its relative motion. But the simple 
formula (4) will be sufficient, if in each case we interpret 2 as the 
greater of the two angular velocities: that of the vortex, and that of 
the solid rotating body, the sun or earth. 


* Cf. T. W. Sandstrém, ‘Ueber die Beziehung zwischen Temperatur und Luftbewe- 
gung in der Atmosphire unter stationiren Verhiltnissen,” Ofversigt af K. Vetenskaps- 
akademiens Férhandlinger, Stockholm, 1901; Meteorologische Zeitschrift, 19, 161, 1902. 
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2. Thermodynamics of circulation.—To illustrate, from a thermo- 
dynamical viewpoint, the conditions for producing circulation, con- 
sider a closed tube, for simplicity, of uniform section, filled with fluid 
or gas in adiabatic, i.e., indifferent, equilibrium. The slightest heat- 
ing of a single element £ will disturb barotropic conditions, and the 
whole fluid mass will come into a circulating motion which will not 
stop until this element has reached the highest point of the tube. 

To maintain circulation systematically against a resisting force 
such as friction, we can, in one branch of the tube, at a certain height, 
place a source of heat (Fig. 1, A) which the fluid cannot pass without 


Fic. 1 


assuming a definite increase of temperature and, at a certain other 
height in the other branch, a source of cold which the heated fluid 
cannot pass without a corresponding drop in temperature. The en- 
tire fluid mass will then be kept in circulation by a force which is 
equal to the difference in weight between two fluid columns of differ- 
ent temperatures but of the same height, the height being equal to 
the difference in elevation of the two sources. The circulation con- 
sidered is upward through the branch containing the source of the 
heat, and down the branch containing the source of the cold. The 
tube becomes filled with heated fluid above the two sources, and 
with cooled fluid below. 

It is an important peculiarity of the engine that it may run in the 
opposite direction. For this it suffices that, by an impulse, we pro- 
duce a certain initial retrograde circulation (Fig. 1, B). The fluid 
passing down through the source of heat will then be heated, while 
that moving up through the source of cold will be cooled. The two 
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columns of different temperatures have thus interchanged places, 
and during the motion the part of the tube below the two sources 
will contain warm fluid, and that above them, cold fluid. The effi- 
ciency of the engine is exactly the same for direct and for inverse 
motion. The engine is self-starting for direct motion, while an initial 
impulse is required to start the retrograde circulation. 

The efficiency is greatest when the source of heat is at the lowest 
point and the source of cold at the highest point of the tube (Fig. 1, 
C and D). In this case the difference between direct and retrograde 
motion disappears. The engine then ceases to be self-starting, but 
an infinitely small impulse will start it in either direction; and, when 
started, it then works with higher efficiency than for any other ar- 
rangement of the sources. 

When the source of cold is at a lower level than the source of 
heat, the efficiency is negative, i.e., the engine will transfer more 
heat to the source of cold than it receives from the source of heat. 
Instead of transforming heat into kinetic energy, it will transform 
kinetic energy into heat as long as there exists a circulating motion 
from which kinetic energy can be derived. 

3. Stratified circulation.—In the preceding example the fluid 
is supposed, initially, to be in barotropic equilibrium. Whatever the 
form of the vessel, the slightest heating of a single element then 
brings the whole mass of fluid into circulation, which continues until 
the heated element has reached the highest position possible. Simi- 
larly, a cooled element cannot stop before it reaches the bottom. 

It is quite different if the fluid is intrinsically heterogeneous, with 
heavier masses below and lighter masses above, corresponding to 
stable internal equilibrium. A heated element will then ascend only 
to the level of fluid having its own density. In common experiments 
with small fluid masses a heated element, as a rule, soon reaches 
the surface and the heterogeneities are rapidly smoothed out. But 
when the volume is large in comparison with the differences of 
temperature, we meet with the very characteristic phenomenon of 
stratified circulation. Very instructive is the following experiment 
due to Alf Sinding-Larsen.* 


t Annalen der Physik, 9, 1190, 1902. 
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A test tube containing a heterogeneous salt solution is put in a 
glass of hot water. The salt solution then divides into a series of 
superimposed strata, each having its independent circulation (Fig. 
2, A). If after heating, the tube is put in cold water, the opposite 
circulation occurs within the strata (Fig. 2,B). Circulations produced 
in this way are symmetrical with respect to the axis of the tube. 
Circulations across the tube may be ob- A B 
tained by heating it on one side and cooling 
it on the other. In these experiments the 
circulation evidently tends to produce ho- 
mogeneity within each stratum, with the 
result that the heterogeneities are concen- 
trated in narrow transitional layers separat- 
ing the homogeneous strata. If the physical 
and chemical conditions of the fluid per- 
mit the formation of a single homogeneous 
stratum, such a stratum will be the ulti- 
mate result, the existence of several] strata 
being merely a transitional state; but if the 
strata pre-exist through physical or chemi- 
cal reasons as with oil and water for instance, they will resist this 
tendency to form a single homogeneous mass.* 

In the preceding experiment heating produced and friction 
counteracted the circulation. But under favorable circumstances 
friction may also produce stratified circulation. Experiments and 
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t It does not seem necessary to assume with Sinding-Larsen that in his experiments 
the strata are pre-existent because of difference in molecular structure, and merely be- 
come visible in consequence of circulation. The limited ascending power of the heated 
masses in the heterogeneous fluid system seems sufficient to explain the formation of the 
strata and to be in full accordance with his results: namely, that the strata are the 
more striking the greater the difference between the specific weights of the solvent and 
the concentrated solution; that the number of strata seems to depend partly upon the 
differences of concentration in the solution; that the depth of the strata increases in 
general with decreasing concentration; that the bounding surfaces of the strata move 
upward, in general, as a consequence of the steadily increasing depth of the individual 
strata, from which it follows that the number of strata decreases. 

My attention has only recently been directed to a paper by Mendenhall and Mason, 
“The Stratified Subsidence of Fine Particles,’ Proceedings of the National Academy of 
Sciences, 9, 199, 1923, in which stratified circulations of thermal origin are examined. 
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observations on the phenomenon have been made especially by J. W. 
Sandstrém.* 

Consider a series of superimposed strata, each stratum for sim- 
plicity being a homogeneous salt solution, with a sudden increase in 
salinity as we pass from one stratum to that next underlying (Fig. 
3). A wind on the free surface of the top stratum will set this stratum 
in circulation. By friction the next underlying stratum then comes 
into opposite circulation. This in turn acts upon the next lower 
stratum, and so on, with the result that all strata circulate like 
toothed wheels, but with decreasing intensity as we proceed from 
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stratum to stratum downward. Sandstrém also describes phe- 
nomena of this type produced by the wind on stratified sea water 
along a beach. 

We have supposed the homogeneous superimposed strata to be 
pre-existent. But if the solution has initially a continuously varying 
concentration, the wind will evidently tend to produce an upper 
_ homogeneous circulating layer, which will then tend to produce a 
second homogeneous layer immediately below, and so on. It would 
be interesting to examine experimentally how far this process can 
proceed. 

In the experiments of Sinding-Larsen, friction counteracts the 
circulation produced by heating. But evidently conditions may arise 
such that heat and friction co-operate in producing and maintaining 
stratified circulation. Figure 4 illustrates a possible motion where 
this is the case. The fluid mass is supposed to be heated from below 
and cooled at its free surface. Initially conditions are unstable, as 

* “Windstréme im Gullmarfjord,” Svenske Hydrografiske-biologiske Kommissionens 
Skrifter, I, Géteborg, 1905. 


192 


SOLAR HYDRODYNAMICS 9 


in the tubes of Figure 1, C or D. But an initial impulse may be used 
to determine the direction of circulation in the lowest layer. Friction 
will then give an opposite circulation to the next higher layer, and 
soon. But friction will not be the only cause maintaining the circula- 
tion of the higher layers. Each of them will be heated from below, 
and take part in the convection transport of heat. The small arrows 
in Figure 4 indicate the flow of heat. 

It would also be interesting to test experimentally the conditions 
for realization and stability of this kind of stratified circulation, both 
when the strata pre-exist and when formed as a result of the circula- 
tion. The initial impulse determining the direction of the circulation 
could be avoided by slightly inclining the heated bottom, and an 
inclined rigid surface which is cooled could be substituted for the 
upper horizontal free surface. 


Il. EMPIRICAL DATA CONCERNING THE SUN 


4. The sun rotates on its axis in about twenty-five days. The 
rotation is not that of a rigid body, the angular velocity being con- 
siderably greater at the equator than in higher latitudes. The high- 
est layers in the sun’s atmosphere seem to follow closely the motion 
at the equator. Thus, in passing from the photosphere upward in 
the atmosphere of the sun, we approach, in all extra-tropical lati- 
tudes, layers of increasing velocity. 

5. Sun-spots seem to be depressions in the photosphere. They 
occur in lower latitudes, and seldom appear as much as 45° from 
the equator. 

6. The sun-spots of each cycle always appear within two relative- 
ly narrow zones 10° or 15°, or at most, 20° wide, symmetrically 
situated in the two hemispheres. These zones are most distant from 
the equator at the beginning of a cycle, and during the eleven years 
of the cycle gradually approach, so that toward the end they may 
almost reach the equator; but they never cross it. Before the spots 
of one cycle have disappeared, those of the next have made their 
appearance in the higher latitudes and begun their motion toward 
the equator. 

7. In the majority of cases sun-spots appear in pairs forming 
binary systems. The axis of a binary system is, on the average, near- 
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ly parallel to the equator. In general, the closer the parallelism, 
the nearer the system is to the equator. 

8. Sun-spots always show magnetic polarity, the members of a 
binary system having opposite polarities. A single spot may consist 
of two halves of opposite polarity, and thus, from the magnetic point 
of view, be a binary system. At the time of their appearance spot 
groups very frequently are bipolar. They usually end as single spots. 

9. The preceding spots of binaries, almost without exception, 
have during the whole cycle a definite polarity, characteristic of that 
cycle. The polarities of preceding spots are opposite in the two 
hemispheres, and the whole system of polarities reverses with the 
beginning of a new cycle. 

10. Within a binary system a certain asymmetry ‘Cale pre- 
vails. The preceding spot, as a rule, is the larger and has the longer 
life; the companion is smaller, often consists of a number of smaller 
spots, and may disappear long before the preceding spot. 

11. Hydrogen spectroheliograms in the region of sun-spots often 
show spiral structure. The curvature is usually opposite in the two 
hemispheres, but does not change from cycle to cycle. If the spiral 
structure represents lines of flow, the motion must be both radial 
and circular. Since it has been obtained only by the use of hydrogen 
lines, it is believed to belong to the high:levels of the solar atmos- 
phere and to be merely a secondary effect of what is going on deeper 
down, in or below the photosphere. Occasionally hydrogen clouds 
have been drawn into a spot, with velocities up to 170 km/sec. 
Motion outward from the spot in the lower layers of the sun’s 
atmosphere has also been observed. 

The line structures surrounding bipolar systems seem sometimes 
to suggest an outflow from one spot and a corresponding inflow into 
the other; but the structures are generally complicated and not easy 
to interpret. 


Ill. GENERAL SUPPOSITIONS CONCERNING THE SUN 


As a basis for an attempt to interpret the observed phenomena, 
the following suppositions will be made: 

12. As the sun consists of gases of different specific weights, it 
will be near a state of stable internal equilibrium; i.e., the equilibri- 
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um is not of the adiabatic or indifferent type which would exist if 
density (and temperature) varied downward as a function merely 
of pressure. The difference may be illustrated thus: In the case of 
adiabatic equilibrium a mass which has been cooled at the sun’s 
surface would sink to the sun’s center, but in the case of stable 
internal equilibrium it would sink only to a certain equilibrium level 
from which it would ascend again when heated to the temperature 
of this layer. 

Conditions in the sun will, therefore, be favorable for the forma- 
tion of stratified circulation, and the conditions for this kind of 
circulation will be still more favorable if relatively homogeneous 
strata pre-exist, such that each stratum consists mainly of one chemi- 
cal constituent or of constituents having approximately the same 
specific weight, but separated from the higher and lower strata by 
transitional layers in which chemical constitution and corresponding 
physical properties are subject to rapid variations. 

13. The origin of all that happens on the sun is in the solar 
radiation. This may be taken to include the expulsion of electrically 
charged particles, which may be of importance for the electric condi- 
tions of the sun. The luminous and thermal radiation, on the other 
hand, will be considered responsible for the internal dynamics of 
the sun. It cools the upper layers of the photosphere and thereby 
disturbs the equilibrium conditions. 

14. The heat thus lost by the photosphere is restored from the 
deeper layers by internal radiation, convection, and conduction. 
Internal radiation is believed to be the dominant factor, especially 
in the deep layers of very high temperature. But a sufficient per- 
centage is left for setting up powerful convectional currents. The 
importance of convection increases near the surface, where, on ac- 
count of the lower temperature, the internal radiation becomes less 
dominant. 

15. The rotation of the sun acts as an organizing factor, tending 
to produce a general zonal symmetry around the axis of rotation. 

16. The sun-spots are a kind of vortex. No hypothesis is made 
concerning the origin of their magnetic fields, but it is supposed that 
the fields are connected with the vortical motion in such a way that 
the magnetic polarity is reversed by a reversal of the vortex motion. 
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IV. SUGGESTED INTERPRETATION OF THE SOLAR PHENOMENA 

17. Vortex theory of sun-spots——The well-known comparison 
of sun-spots with tropical cyclones involves the assumption that 
dynamically a sun-spot is a vortex. If this is correct, the comparison 
of sun-spots with the greatest vortices known on the earth, the tropi- 
cal cyclones, will be useful in many respects, and, first, may give 
us a mental picture of the dimensions. The diameter of a small 
tropical cyclone is 120-130 kilometers. Let us now enlarge both the 
earth and the cyclone a hundred times. The earth will then have 
approximately the dimensions of the sun, the cyclone will be of the 
dimensions of the equatorial plane of the earth, and thus represent 
the area of a good-sized sun-spot. We know nothing of the height 
or depth of the sun-spot vortex; but taking again a hundred times 
the height of a tropical cyclone, which is between 5 and 10 km, we 
arrive at 500 to 1000 km. The body of a fair-sized sun-spot vortex 
would then be represented by the section contained between the 
equatorial plane of the earth and a parallel plane between 4° and 9° 
latitude. 

A first fundamental question to be examined is whether a vortex 
theory can account for the visibility of sun-spots, i.e., of their rela- 
tive darkness or low temperature. Formula (4) may be used for 
discussing this question. It gives the temperatures in what we may 
call a balanced vortex, in which the cooled heavy masses are just 
carried by the centrifugal pumping effect, and no ascending motion 
is present. Sun-spot vortices will, as a matter of course, not have this 
balanced character. The lifted cooled masses are subject to con- 
tinuous radiation from below, and the pumping must go on con- 
tinuously to lift the cooled masses at a sufficient rate to keep them 
sufficiently cool in spite of the radiation. Nevertheless, the formula 
for the balanced vortex will give a useful first approximation. To 
bring it into a convenient form for our special purpose, we remark 
that ds sin ¢ is the element dr of a radius vector from the axis of the 
vortex. We may thus write: 


Then, for the sake of argument, we shall make a simple assumption 
concerning the rate at which the velocity v increases with the height 
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z in the vortex. For simplicity let the velocity be zero at a certain 
depth H below the surface of the photosphere and increase upward 
according to a linear law until it reaches the value 2 or Or at the sur- 
face of the photosphere. We may then substitute 


dv_v_Q 

de H H 
and thus obtain 

dd §=20Pr 

a => He dr e 


But the ratio of the centrifugal force 17 to the acceleration of gravity 
g is the tangent of the angle of inclination of an element ds of the 


photosphere, and this multiplied by the horizontal line element dr 
gives the vertical projection dz of a line element ds contained in the 
inclined surface of the photosphere. Integrating this equation along 
the surface of the photosphere from a great distance to the center of 
the vortex, we obtain a relation between the drop in temperature 
Av’ and the corresponding dip D below the normal level of the photo- 
spheric surface (Fig. 5). For simplicity we may assume the thickness 
H of the vortex to be constant. Considering at the same time the 
drop in temperature Ad to be small as compared with the temper- 
ature itself, we find by the integration the simple formula 


Ad=2d 7 (5) 


For large values of the drop in temperature we must use the result 
of the exact integration, viz., 


v, 2D 
loge A bagi ae (6) 
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The approximate formula (5) represents the following exceeding- 
ly simple law: The drop in temperature is proportional to the dip 
in the surface of the photosphere. The dynamics of the phenomenon 
is obvious: The dip is due to the excess weight of the relatively cool 
gases forming the core of the vortex; these are prevented from leav- 
ing the surface by the centrifugal pumping effect arising from the 
excess of circulatory motion in the higher strata. On the other hand, 
for the same value of the dip, the drop in temperature is inversely 
proportional to the thickness H of the vortex; the thinner the cooled 
stratum, the more must it be cooled to give the required excess of 
weight. 

Introducing @ = 6000° as the surface temperature of the sun, we 
find : 


D 
Ad = 12,000 7 


or, in the exact logarithmic form, 


loge Yo—log, 0 =0.8686 3 5 


These formulae give numerically 


D/H 0.001 0.01 O.1 ony 0.3 0.4 0.5 
Ad 12 120° I100° 20007 * 2700° 3300° 3800° 


Thus a dip in the photosphere amounting to only one-tenth of the 
thickness of the stratum taking part in the vortex motion will be 
sufficient to produce a drop in temperature of 1100°, while a greater 
dip will produce an even greater decrease in temperature. Now let 
the diameter of the vortex be ten times its thickness. The average 
inclination required to produce the dip of 1/10 would then be 1/100. 
The velocities required to produce this inclination at different dis- 
tances r from the axis of rotation are 


r= se) 100 1000 10,000 100,000 km 


v= 0.2 0.6 1.7 5-5 17.5 km/sec. 


For the conditions on the sun these velocities seem very moder- 
ate. For a fourfold inclination, which gives a temperature drop of 
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3300°, the velocities would have only to be doubled. They thus re- 
main small compared, for instance, with the velocity of 170 km/sec. 
found for a hydrogen cloud in the sun’s atmosphere, not to speak of 
the amazing velocities observed in the prominences. There will be 
no difficulty therefore in accounting for the somewhat greater 
velocities which would be required to give the same temperature 
depressions in the unbalanced vortices. The simple case of the bal- 
anced vortex will, however, give the easiest available first approxi- 
mation. Detailed examples of such sun-spot vortices, with full rep- 
resentation of the fields of velocity, pressure, mass, and temperature, 
may easily be worked out by use of the formulae given in my paper 
on the circular vortex, quoted above. 

An important question is also the depth from which the vapors 
must be pumped up in order to give the required drop in tempera- 
ture, for instance, r100°. The adiabatic decrease of temperature in 
the earth’s atmosphere is 1° C. per hundred meters of height. On the 
sun, with gravity 27 times stronger, the decrease would be 27° per 
hundred meters for an atmosphere like that of the earth, and we may 
assume for the solar gases a value differing not greatly from this. 
When these gases are lifted 10,000 meters or 10 km, they should cool 
down 2700°. How much this would reduce their temperature below 
that at the new level depends upon the solar temperature gradi- 
ent. If, as in the earth’s atmosphere, this is half the adiabatic gradi- 
ent, the result would be 1300°. For smaller differences between the 
actual and the adiabatic rate, the required vertical displacement 
might be some multiple of 10 km. But great vertical displacements 
will not come into the question. 

The vortex theory thus gives a straightforward explanation of 
the darkness of sun-spots; no great effort of any kind is required to 
explain their low temperatures. As a matter of fact, the trouble is, 
not to explain why sun-spots are seen, but rather why many more of 
them do not become visible and then disappear on a body where 
conditions for the formation and annihilation of vortices are as 
favorable as on the sun. This raises the question of the long life 
of a sun-spot, which may extend to months or to even more than a 
year. Under the intensive radiation from below, the cooled masses 
forming at any moment the core of the vortex cannot long retain 
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their low temperature. But as they become heated they will be re- 
placed by new masses pumped from below and float out radially over 
the surface of the photosphere. This process will continue as long 
as sufficient energy is at hand for the pumping operation. During 
the outward motion the circulation around the center of the spot 
will rapidly decrease, and the radial component will prevail. We 
have emphasized this radial outflow along the surface of the photo- 
sphere as a typical characteristic of sun-spots. 

The radial motion outward at the bottom of the sun’s atmos- 
phere, as remarked by Hale, must give rise to a sink and a corre- 
sponding radial inflow in the upper strata. Because of the rotation 
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of the sun the inflow will assume a spiral character, which may ex- 
plain the spiral structure sometimes appearing in the high layers. 
Since this is determined by the direction of the sun’s rotation and not 
by that of the photospheric vortex below, these spiral structures 
would have no reason to change when the magnetic polarities change 
at the beginning of a new sun-spot cycle. 

For further discussion of the structure of sun-spot vortices, we 
shall make use of the vortex lines. Each element of a vortex line 
is an axis of local rotation, the direction of which is given by the 
positive screw rule. The vortex line, by geometric necessity, can 
never stop; it must run back into itself. This is also the fundamental 
property of the lines of magnetic induction. This common property 
facilitates the parallel discussion of the vortical and magnetic proper- 
ties of sun-spots. In the first rough approximation, the vortex lines 
and the lines of magnetic induction may be identified. Where these 
lines are strongly concentrated we thus have intensive vorticity and 
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strong magnetic field; where they are dispersed, we have weak 
vorticity and weak magnetic field. 

The simplest hypothesis which can be made is that each sun-spot 
is an independent vortex. Figure 6 gives the vortex-line representa- 
tion of such a vortex. The lines come up in great numbers through 
the photosphere in the central part of the vortex, spread out in the 
solar atmosphere, and return through the photosphere to the central 
vortex region. We have no idea as to the heights to which the vortex 
lines ascend in the solar atmosphere. Most likely they are concen- 
trated near the surface of the photosphere, thus representing here 
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an intensive sliding motion. As the visibility of the sun-spot de- 
mands a rapid decrease of velocity downward, the vortex lines will 
not reach great depths below the photosphere. At the surface itself, 
between the points E and E’, we have a limited area of intensive 
positive vorticity and strong magnetic field; outside we have weak 
negative vorticity and a weak magnetic field, opposite to that in the 
internal area. We do not know the correspondence between the di- 
rection of rotation and the sign of the magnetic field, and a reliable 
determination thereof would be of fundamental importance for the 
theory of sun-spots, and perhaps also for that of magnetism. 

If each sun-spot were an independent vortex, a binary system 
would appear only by accident, two vortices of opposite rotation 
happening to be near each other. To explain the binaries Hale has 
therefore suggested a coupled system forming a vortex ring, the two 
spots of the binary being the intersection of this ring with the photo- 
sphere. One half of the ring then belongs to the atmosphere, while 
the other half, dynamically the more important, forms a sub-photo- 
spheric connection between the spots (Fig. 7, 4). Nothing prevents 
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us from assuming that all sun-spots belong to binary systems of this 
type, for a spot which appears single may have an invisible com- 
panion, the vortex ring cutting the surface so diffusely that nothing 
is observed (Fig. 7, B). 

The vortex-ring theory gives a simple explanation of the tend- 
ency of sun-spots to appear as binaries; but it fails to give any 
natural explanation of the characteristic collective properties of 
spots, which seem to point strongly toward a more complete coup- 
ling, not only between the spots of the same binary but also between 
the different binaries of the same cycle. As a matter of fact, a com- 
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plete vortical connection between all spots of the same cycle can 
also be imagined. Thus all the spots may belong to a single zonal 
vortex, which surrounds the sun approximately as a parallel and 
gives rise to a spot, wherever it passes from the photosphere to the 
atmosphere or vice versa. The assumption may be made in two 
different forms: The zonal vortex may belong mainly to the at- 
mosphere and occasionally dip below the photosphere from spot to 
spot of a binary (Fig. 8, A); or, vice versa, it may be mainly sub- 
photospheric, and occasionally ascend into the atmosphere from 
member to member of a binary system (Fig. 8, B). Leaving until 
later the choice between these alternatives, we shall first derive the 
consequences which are common to both forms of the zonal vortex 
theory. 

While conserving the advantages of the vortex-ring theory, the 
zonal vortex gives a simple picture of the most striking collective 
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properties of sun-spots, namely, that spots of the same cycle appear 
within a relatively narrow zone of latitude; that spots appear gen- 
erally in binary systems; that the axis of a binary tends to be paral- 
lel to the equator; that binaries of the same cycle, almost without 
exception, show the same succession of polarities; that groups at 
their first appearance are very frequently bipolar; that a single spot 
is generally the last phase, one member of the binary system be- 
coming diffuse and invisible before the other; that a companion to a 
single spot appears in the rear, if the original spot has the leading 
polarity for the cycle, and ahead if the opposite state of affairs 
prevails. 

In addition, the theory reduces the progression of sun-spot phe- 
nomena from higher to lower latitudes to a motion of the single 
zonal vortex, while the reversed succession of polarities from cycle 
to cycle is explained as a reversal of the rotation of the zonal vortex. 

The various advantages which the zonal-vortex theory of sun- 
spots thus seems to possess makes it desirable to find ways of testing 
its possibility. The simplest preliminary test would be to plot from 
day to day the probable course of the zonal vortex, in order to see 
if this gives an adequate representation of the distribution and prop- 
agation of sun-spots. In doing this it is recommended that areas 
of different polarity be marked with different colors, say red and 
blue. The simplest curve is then drawn which connects these areas 
in the regular succession red, blue, red, blue, etc. When necessary, 
a hypothetical invisible spot is to be inserted where the regular suc- 
cession of polarities requires it. Remarking that this is permissible, 
and, further, that a vortex tube is infinitely flexible and may branch 
out and join again, we see that it will always be possible to draw 
the required curve. The difficulty is that its course is not uniquely 
determined. The aim should, therefore, be to draw it with the small- 
est possible number of assumed invisible spots and with as few 
branches and sinuosities as possible. Figure 9 indicates a possible 
course for such a curve, illustrating both a division into two branch- 
es and an S-shaped return of the curve used to explain the case of 
reversed polarity. 

If it should prove possible to draw these curves so that they do 
present the distribution and progression of sun-spots, and if the 
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survey of the sun’s surface, magnetically and optically, along the 
course of the curves facilitates the discovery of invisible sun-spots, 
etc., the zonal vortex theory would at least be useful as a working 
- hypothesis. 

All the collective properties of sun-spots enumerated follow from 
the zonal-vortex theory in both its forms; but there is a decided 
reason in favor of the assumption that the zonal vortex is mainly 
sub-photospheric. Just below the radiating stratum of the photo- 
sphere we shall find the strongest tendency to form convective 
circulations of thermal origin. A sub-photospheric vortex, along its 
whole length, will bring hot gases to the surface and carry cooled 
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gases down again. Throughout its entire extent it is a thermo- 
dynamically driven engine of the type Figure 1, C or D, and has the 
important property of running in both directions equally well, which 
provides for the two directions of rotation required for reversing the 
succession of polarities from cycle to cycle. That such a vortex does 
not take an irregular form, but tends to lie parallel to the equator, 
follows from the rotation of the sun, which favors symmetrical 
arrangements relative to the axis of rotation. 

Finally, it may be asked why such a sub-photospheric vortex 
should occasionally ascend to the surface. To answer this question 
we must recall the attraction or repulsion existing between parallel 
vortices and the attraction of a vortex toward a rigid plane. The 
surface of the photosphere, on account of its stability, will act as a 
practically rigid plane, which in general will attract the vortex. The 
force will disappear in one case only, namely, when the vortex 
yields completely to the current which tends to carry it along parallel 
to the surface. But such a complete yielding is excluded in the case 
of a vortex maintained convectively and receiving its energy from 
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hot strata which never have the exact motion of the upper current. 
The attracting force will, therefore, always exist; and, if the vortex 
has an upward sinuosity, this sinuosity will come under increased 
attraction, as the force varies inversely as the distance from the 
plane. Ultimately the sinuosity may thus reach and cut the surface 
and form the two separate horizontal vortices of a binary, and even 
after this the continued attraction will tend to bring more of the 
vortex up and thus separate the two spots from each other. 

There is another reason also, and perhaps more important, for 
the tendency of the sub-photospheric vortex to rise and cut the 
photosphere. The regular state below the surface of the sun is one 
of stable stratification. Circulation can take only the stratified form, 
with limited vertical excursions, whereas no special forces limit the 
horizontal excursions. The sub-photospheric vortex must, therefore, 
be very flat, the circulating curves having very flat elliptic forms, 
with horizontal major axis and vertical minor axis. This is a strained 
type of circulation, guided by a certain balance of forces. It may, 
therefore, have a strong tendency, when an opportunity offers, to 
turn over in the horizontal plane. Here a circulation, once started, 
goes on undisturbed, as a perfectly stable motion. This tendency to 
realize the most stable motion may, therefore, be the main reason 
why the vortex rises and cuts the photosphere, and why afterward 
new lengths of the photospheric vortex are drawn up to the already- 
formed horizontal sun-spot vortex, thus giving it a continuous supply 
of sub-photospheric energy. 

When the vortex tube is thus bent up, the strained elliptic circu- 
lation in the vertical plane changes automatically into a circular 
circulation in the horizontal plane (Fig. 10). For the same area of 
cross-section this gives much shorter circulating curves, and there- 
fore an intensified circulation. This intensified circulation again 
gives the pumping effect which lifts up gases from below and makes 
the spot visible by its lowered temperature. The kinetic energy of 
this localized vorticity is by and by absorbed in the work of pumping. 
But new energy becomes available according as new lengths of the 
sub-photospheric vortex are raised to the surface. In this way the 
sub-photospheric vortex may be drawn upon for energy for any 
length of time, and secure to the sun-spot any length of life. 
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18. General solar circulation.—Our view of sun-spots as a link 
in the internal circulation of the sun brings up the question of the 
general character of this circulation. 

As in all likelihood strata of different density pre-exist in the 
interior of the sun, it seems very probable, if not necessary, that the 
circulation should be of the stratified type. In addition, the circula- 
tion itself will tend to develop the stratification further. The main 
question will be the vertical and horizontal extent, and the mutual 
arrangement of the individual circulating strata. Here the rotation 
of the sun enters as a determining factor. Without this rotation 
there would be no organizing principle. The stratification would 
have an irregular and turbulent character; but with rotation there 
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must enter a tendency toward symmetry relative to the axis of the 
sun. How far the organizing power of the solar rotation may extend 
can be only vaguely estimated. 

An example of the simplest possible scheme of stratified circula- 
tion is given in Figure rr. Here the highest stratum is supposed to 
have a circulation from the poles to the equator at the surface, and 
from the equator back to the poles below. The next lower stratum 
should then circulate from equator to pole in its upper part, and 
from the pole to the equator below, and so on. One may ask why 
the highest layer should not rather circulate as in the case of the 
earth’s atmosphere, namely, from equator to poles in the higher 
levels and from poles to equator below. The answer is that the circu- 
lation of the earth’s atmosphere is self-starting in the direction ob- 
served because the main source of heat is at the ground level at the 
equator. On the sun, to the contrary, it is difficult to see why the 
circulation should start in either direction in preference to the other, 
since we have initially a symmetry corresponding to that of Figure 
1,C and D. But if the circulation is started in a given direction, it 
should then persist in that direction. 
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‘The motive power of the circulation in the upper stratum is 
the cooling of the photosphere by radiation, and the correspond- 
ing heating lower down by radiation from within and by contact 
with the next lower stratum. Since the power of radiation de- 
creases outward as the temperature decreases, the lowest part of 
the stratum has better access to the radiated heat than the upper 
part. This will favor heat transport by convection. The next lower 
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stratum then comes into circulation by frictional effect, assisted by 
the cooling of its upper part by contact with the upper stratum and 
the heating of its lower part by the hot gases below. 

If such a circulation exists, the surface of the sun as seen from 
the earth will not rotate as a rigid body. We cannot define any 
definite angular velocity of the entire solar surface, but only a certain 
zonal distribution of angular velocity, the character of which we 
shall now examine. 

Evidently those parts of the sun which participate least in the 
- circulation will move most nearly as a rigid body. These will be the 
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great internal masses on both sides of the equatorial plane and sur- 
rounding the axis of rotation. The corresponding areas are shaded 
in Figure rz. Then for the masses participating in the circulation 
we must use the general law, so well known from the earth’s atmos- 
phere, that masses moving from pole to equator lag behind, while 
masses moving from the equator to the poles advance relative to the 
rigid, or apparently rigid, core. This always occurs to such an extent 
that the main motion becomes pratically a pure EW motion, ac- 
companied only by a slow displacement of the masses in the NS 
direction. The upper layer of the highest circulating stratum should, 
therefore, in all latitudes appear retarded relative to the equatorial 
masses. Thus the internal circulations of the sun seem to open the 
possibility of explaining the so-called equatorial acceleration, which, 
from this viewpoint, should rather be called a retardation in the 
higher latitudes. A difficulty for this theory may be met in the fact 
that, as far as we can see, a retardation relative to the pole is to be 
expected; in other words, a polar acceleration should appear near 
the pole, where it will be difficult, however, to obtain good determi- 
nations of the angular velocity. 

The amount of retardation of the upper masses will be limited 
mainly by friction against and mixing with the lower masses of the 
layer, which have a corresponding acceleration because of their mo- 
tion from the equator to the poles. On the other hand, the fact that 
the observed retardation in the higher latitudes is so moderate shows 
that the motion from the poles to the equator must be very gradual, 
thus leaving time for an effective smoothing out of the difference in 
velocity between the retarded upper part and the accelerated lower 
part of the stratum. Observations indicate that the retarded masses 
in moderately high latitudes have had their angular velocities around 
the sun’s axis reduced by about 1/20. This would represent an east 
wind relative to the quasi-rigid body of the sun which would traverse 
the solar circumference in about 20 solar days or in something more 
than a terrestrial year. The corresponding velocity would be about 
130 meters per second. The motion from the poles to the equator 
should, therefore, require several years, and the corresponding north 
wind would be very weak. 

The sub-photospheric zonal vortex from which sun-spots develop 
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must belong to the lower, slow-moving layers of this east-current 
stratum. Then, when the vortex tube rises, cuts the photosphere, 
and forms a binary spot, the two separated parts of the tube must be 
affected differently by the stronger east wind near the surface. At- 
tention is directed to this as a possible origin for the asymmetrical 
properties of binaries, although no attempt to consider details is 
made at present. 

During their slow motion from the poles to the equator, the 
masses forming the surface of the photosphere must be gradually 
cooled. In consequence the sun should have.its highest temperature 
at the poles and its lowest at the equator. We may adapt formula 
(4) to the discussion of this temperature, interpreting now ¢ as the 
latitude and © as the angular velocity of the sun. We may then 
introduce 

ds=+Rdé , 


R being the radius of the sun, and write 


h being the thickness of the overlying current of the upper circulat- 
ing stratum. Writing further 


veE=OR 


for the circumferential velocity at the sun’s equator, we find from 
formula (4) 


dd 2 v 
3 0) cos dd¢ . 


This must now be integrated from the equator to the pole, i.e., from 
¢=0 to ¢=7/2. Writing the first member in the approximate form 
Ad/3, we obtain 


Ad’ _ 20K? 
oo gh 


For comparison we may first apply the formula to the earth’s 
atmosphere. Here the height of the circulating stratum is roughly 
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10,000 meters, and for the circumferential velocity of the equator 
we may write v7;=500 m/sec. Using the average temperature 0 = 
273°, we obtain 


Ad'= 2.730, 


v representing the eastward velocity of the highest strata of the 
troposphere, that at the ground for simplicity being taken as zero. 
The formula gives 


forv=1o m/sec. Adv=27°; 
forv=20m/sec. A’V=54°. 


Thus a velocity of 10 m/sec. in the upper part of the troposphere 
is sufficient to maintain a temperature-difference of 27° between pole 
and equator, while the double velocity of 20 m/sec. corresponds to 
the double temperature difference of 54°. The actual difference, 
when we disregard the thin locally cooled stratum at the surface in 
the polar regions, is somewhere between 30° and 40°, corresponding 
to a velocity in the upper troposphere between 11 and 15 m/sec. 

Applying the same formula to the sun, we have the circum- 
ferential velocity at the equator v= 2000 m/sec., the acceleration of 
gravity g=275, and for the eastward velocity of the highest circulat- 
ing stratum the value just found, v= 130 mi/sec., while the thickness 
h of this stratum remains unknown. Setting 3 = 6000° for the surface 
temperature of the sun, we find for the temperature difference be- 
tween pole and equator 


__ 12,000,000 


Ad I 


This gives 
forh= 10km, Ad =1200° ; 
fork= tookm, Adv=120° ; 
for h=1000 km, Ad=12°. 


If we venture a guess harmonizing with the conjectured thickness 
of about 100 km for sun-spot vortices, something between 100 km 
and 1ooo km would be the most probable depth for the solar east- 
ward current. The temperature difference of 12° to 120° between 
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pole and equator would then be of the same order as that on the 
earth, and probably difficult to detect, and still more so when we 
remember that these temperatures correspond to the balanced mo- 
tion, in which we neglect the disturbance by the radiation. But for 
a greater internal stability of the sun, the depth of sun-spot vortices 
and of the individual layers participating in the stratified circulation 
would decrease. Thus, greater temperature differences are quite pos- 
sible, and actual measurement of such a difference between pole and 
equator would be of great interest. 

Finally, it may be remarked that the circulation assumed for the 
photosphere should, by frictional coupling, give the solar atmosphere 
a circulation like that of the earth’s atmosphere, i.e., from the poles 
to the equator in the lower strata, and from equator to poles in the 
high layers. Under these conditions the high masses should show 
acceleration relative to those below, limited by friction against and 
mixing with these lower masses. As a consequence of balance be- 
tween accelerating and retarding effects, a rotation practically equal 
to that of the equator might occur for the high strata, in accordance 
with the result found for the highest parts of the sun’s atmosphere. 

To the attempts here made to explain the equatorial acceleration 
of the sun as a result of internal circulations, an important remark 
must be added: The planet Jupiter shows the same equatorial ac- 
celeration. The question must remain open whether the internal con- 
stitution of this planet is such as to allow the same explanation as 
suggested for the sun. 

19. The sun-spot cycle and the reversal of polarities —The preced- 
ing considerations have led to an interpretation of both sun-spots 
and equatorial acceleration as phenomena related to the internal 
circulation of the sun. Sun-spots depend upon intensive local cir- 
culations, and the equatorial acceleration upon the slow general 
circulation. The remaining question is whether these two suggested 
explanations fit into each other in such a way as to explain the fact 
that sun-spot phenomena are restricted to the lower latitudes of the 
sun and have their characteristic periodicity. 

Figure 11 shows that we meet with the greatest contrast of 
temperature on both sides of the equator where the cooled masses 
of the photosphere, which have been radiating since they left the 
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poles, descend and come in contact with the hot ascending masses 
of the next lower circulating layer. This provides conditions favor- 
able, on the one hand, for a concentration of the general circulation 
in the lower latitudes, which is indicated by an inner circulating 
curve in each stratum of Figure rz and, on the other, for the forma- 
tion of the extra vortices of zonal character to which we have referred 
the sun-spots. If these zonal vortices have a certain persistency, they 


Fic. 12 


will be carried round by the general circulation into the lower lati- 
tudes. 

It is only necessary to admit the existence of two zonal vortices 
having opposite directions of rotation which are carried round by 
the general circulation (Fig. 12). From a thermal point of view this 
supposition is possible, inasmuch as both directions of rotation are 
compatible with the thermal origin of the vortex zones. And, me- 
chanically, vortices rotating like toothed wheels assist each other by 
their mutual frictional effect. Since we have estimated that the cir- 
culation between the poles and the equator requires many years, a 
period of twenty-two years for the revolution of the zonal vortices 
about each other does not seem unreasonable. The succession of the 
phenomena will be just as observed: The new cycle, with opposite 
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rotation and opposite polarity, will begin in the higher latitudes 
while the old cycle is disappearing at the equator. When the zonal 
vortex at the equator dives below, we shall have only spots of the 
succeeding cycle which has then come to full development. Then, 
as this zonal vortex approaches the equator, the other vortex rises 
in higher latitudes and produces the spots of the next cycle with their 
reversed polarities, and so on. 

From a kinematical point of view the process is exceedingly 
simple; but we have made only the very first steps in the discussion 
of its dynamics and thermodynamics. 

The frictional coupling of the circulations of the two hemispheres 
may be responsible for the fact that sun-spots in the two hemispheres 
have the same periodicity and show opposite magnetic polarities in 
any given cycle. 

The theory thus developed seems to favor the vortical nature of 
sun-spots. The vortex theory leads to a simple explanation of the 
low temperatures of sun-spots and gives, as a matter of course, the 
explanation of the fact that the low temperatures are found in de- 
pressions on the sun’s surface. It provides conditions under which 
the low temperatures in these depressions may be maintained for 
any length of time, and suggests connections between sun-spots 
which would explain their striking collective properties, including 
their periodicity and the remarkable reversal of their magnetic 
polarities. It is not to be supposed that the complex of suggestions 
here tentatively developed will remain unchanged. Weak points are 
obvious and others may turn up; but many modifications of the 
suggested scheme are possible. That proposed will have done its 
service if it prepares the way for a better one. 


BERGEN, NORWAY 
November 1925 
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ON THE TRANSMISSION OF RADIATION THROUGH AN 
ABSORBING MEDIUM IN MOTION, WITH: APPLI- 
CATIONS TO THE THEORY OF SUN-SPOTS AND 
SOLAR ROTATION 


By SVEIN ROSSELAND: 


ABSTRACT 


Transmission of radiation through an absorbing and emitting medium.—The theory 
is developed in a general way so as to include cases in which the medium is in motion 
and the state not stationary in time (§§ 1-5). In §§ 1-4 the properties of the radiation 
field alone are studied, and in § 5 the equation for the combined flow of material and 
ethereal energy are given. In § 6 the preceding theory is applied to sun-spots. It is 
assumed that the energy of solar radiation proceeds mostly from the sun’s interior, 
and that in the spots this uniform stream of radiation is modified by convectional 
currents. This picture of the phenomenon leads to a simple formula connecting the 
mean density, mean vertical velocity, and mean vertical thickness of a spot. The 
theory leads to values of the thickness and velocities corresponding to the observed 
reduction of temperature in spots which are reasonable, but lack of observations pre- 
vents a more rigorous test. 

In the last section the theory of solar rotation is discussed. It is emphasized that 
the equatorial acceleration of the sun may be intimately connected with the manner 
in which the energy of solar radiation is generated, and that pre-existing theories of the 
evolution of rotating stars need revision in order to take account of internal motions 
other than a rigid rotation. Friction being neglected, it is shown by a simple example 
how the source of energy determines the variation of angular velocity parallel to the 
axis of rotation, the variation perpendicular to this direction remaining undetermined 
to this degree of approximation. 


1. In all theoretical work on the transfer of energy by radiation 
through an absorbing medium it is assumed that the medium is at 
rest. This assumption is sufficiently general to give valuable infor- 
mation about the large-scale structure of the stars. When it comes to 
the detailed explanation of the phenomena which occur in stellar 
atmospheres, however, it is obvious that the simple theory of radia- 
tive equilibrium is conceived on too narrow a scale, and the develop- 
ment of the theory in its most general aspect, allowing for the motion 
of the medium as well as for variations in the radiation field with 
time, becomes a necessity for astrophysical theory. 

In the familiar case of the sun the phenomena most urgently 
calling for a discussion of this kind are the spots. How can a sun- 
spot retain for months a temperature which is lower than that of 
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the surrounding solar surface by a thousand degrees? The most 
probable answer to this question, on the basis of ordinary physical 
facts, seems to be that somewhere in the spot matter is in motion 
upward, and that the expansion of the gases consequent to this mo- 
tion is sufficient to reduce systematically the flow of radiant energy 
which would characterize a state of hydrostatic equilibrium. Ob- 
servations on the reduction of temperature in sun-spots below that of 
the undisturbed radiating surface contain, therefore, a store of im- 
plicit information on the general nature of the vertical motion in 
spots. 

When we study stellar atmospheres in general a number of prob- 
lems turn up, such, for example, as the Cepheids and long-period 
variables, and all kinds of spectral variability not directly due to 
duplicity, the solution of which will probably require the considera- 
tion of transmission of radiation through moving media. In what 
follows, special stress will be placed upon the development of the 
general theory, while the application to stellar problems, which is 
by far the more difficult task, will be more in the nature of examples 
illustrative of this theory. 

2. Consider any medium which is capable of emitting and ab- 
sorbing radiation. Let #,dy denote the energy of radiation con- 
tained in the frequency interval » to v+dy, which is emitted per 
unit time, volume, and solid angle from the matter at the point 
x, y, zat the time ¢. Further, let x, denote the absorption coefficient 
of the matter at the same point and time, and in the same frequency 
interval, and let this be defined in such a way that x,ds is the frac- 
tional reduction of a linear beam of radiation in the given frequency 
interval in traversing the distance ds through the medium in the 
immediate vicinity of the point in question. 

The radiation field will be described statistically by a function 
I, which is defined by the requirement that 


I, dv dw do 


is the energy of radiation in the frequency interval dy, directed with- 
in the elementary solid angle dw, which per unit time passes per- 
pendicularly through the surface element do. Thus J, will be a 
function of x, y, 3, t, v and the direction cosines of the normal to de 
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counted in the direction of the flow of radiation. The function J, 
will occasionally be referred to as the intensity of the radiation field. 
Consider a small fixed cylinder with do as a base, of height ds, and 
with its axis in the direction of J,. The amount of radiation which 
in the time interval ¢ to t+7 enters the cylinder through do is 


t+r 
dv do iw { I, dt. 
t 


If no absorption or emission of radiation took place within the cylin- 
der, this same amount would escape through the top of the cylinder 
in the time interval t+-ds/c to it+ds/c+-r. The radiation in question 
will, however, be weakened by absorption to an amount 


dv do dw ds x, I, r 


correct to the first order of the small quantity ds, and 7, and rein- 
forced through emission by the amount 


dv do dw ds E, r 


which is correct to the same degree of approximation, The equation 
expressing the balance of energy in the field of radiation takes the 
form 


aera 4 
dP ie itm {" +2 as) dt—(EH,—x, I,)ds 7. 
+ds/e 


Developing the integrals to the first order in r and ds, we obtain the 
final relation 
ol, 


a (1) 


In order to apply equation (1) to actual problems, x, and £, 
must be known. These functions regulate the interchange of energy 
between the radiation field on one hand and the field of matter on the 
other. The solution of equation (1) involves, therefore, the simul- 
taneous solution of all equations which determine the state of the 
material field. Before entering upon this latter question we shall 
consider the problem of the integration of (1), assuming x, and E, 
to be known functions of the co-ordinates and the time. 
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Consider first the case in which the state of the system is steady, 
i.e., in which J,, x,, E, are independent of the time. Assume that we 
wish to calculate J, at the point x, y, z, and for direction cosines, a, 
8,y- We then draw a straight line in the direction a, 6, y and specify 
the position of the point x, y, on this line by a linear co-ordinate s. 
Equation (1) then becomes an ordinary linear differential equation 
of the first order in s. Putting 


B 
rast { ee le (2) 


the integration being carried out on the straight line on which s is the 
co-ordinate and from the point A to the point B, we may write 
equation (1) in the form 


e "AB < ee e’ AB) =, (3) 


where the point B has been assumed to be variable while A is a 
fixed point. Multiplying (3) by e483 and integrating from any point 
C to a point D, we obtain as the integrated form of (1) 


D 
(,)p= (ce tert [ (E,)pe "BD dsp (4) 


where we have made use of the identical relations 
TABTTBC=TAC , etc. 


Equation (4) might have been written down directly, as it expresses 
only the fact that the intensity of radiation at D is made up of the 
intensity at C and the intensity of the radiation emitted from the 
layer between D and C, allowance being made for the absorption, 
which in both cases takes place on the passage from the point of 
origin to D. 

3. Let us now proceed to the solution of (1) for the case in which 
the term involving differentiation with respect to the time is re- 
tained. Put s=x, ct=y, and J,=z, and assume that the final solu- 
tion will be given in the form 


V(x, 9,2) =0 » 
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Equation (z) then transforms into 


OV , AV OV 
USEeT aR (%, 2—E,)-5-=0 (5) 


which expresses the fact that the vector whose components are f, 1, 
and —(x,z—Z£,) is contained in surfaces V=const. The stream 
lines of this vector are given by 


dx dy __ dz 
i .1° @3—E,- £2 
Let 
fx=const.;  f,=const. 


be the integrals of (6). Then 
V=(f,, fo) =0 (7) 


constitutes the general solution ot (5), ® being an arbitrary function’ 
of f,and/,. In the present case it is easy to find the integrals f; and f2 
of the ordinary differential equations (6). The first equation gives 
directly 


ba Yn (8) 
The second equation then reduces to 
d 
Tg As BF) Et Ex, efi) « (9) 


This is an ordinary linear differential equation having the solution 
Ed x q 
I — et x,(, Hoes E,(q, Fea pa x,(p, des ; (10) 


Introducing these values of /; and f, in (7), solving for z, and intro- 
ducing the original notation we obtain the generalized equivalent 


of (4) 
eae): x, (2, b—s+et)dp 


s Ss 
+f E.(q, ARCS A x,(b, ss Gi (rr) 


* See, for instance, E. Goursat, Cours d’Analyse Mathématique, 2 (Paris 1915), 
551. 
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where ¢ is an arbitrary function of one argument, and where the 
constant limits of integration are left arbitrary. We may revert to 
(4) by assuming the left-hand side of (11) to be independent of the 
time. The arbitrary function must then reduce to a constant, since 
it contains s only in the combination s—ct, and by a proper adjust- 
ment of the limits of integration the two solutions become identical. 

4. Flux of radiation.—In order to study the resultant streaming 
of radiant energy in the field it is convenient to introduce a certain 
vector Fy having the rectangular components F,,., Fy, F,,, defined 
by the condition that (Fdo) is the net amount of the radiant energy 
in the frequency interval dy which per unit time passes through the 
fixed surface element do.‘ The vectorial nature of F, may be in- 
ferred from the fact that (F,do) necessarily has the form? 


(Fy do) =A doyz+ B doiz+C dozy (12) 


t Vectors and tensors will be denoted by heavy type, and the following symbolism 
from the vector calculus will be used: Let a, b, denote any two vectors with rectangular 
components dz, dy, dz, while ¢ is an invariant. We then write 


Inner product of a and b= (ab) =axbx-+-ayby+-azbz=invariant, 


Vector product of a and b=[ab]=vector with components aybz—azby; 

dzbx—daxbz; Axby—aybe; 
Differential vector operator y= vector with components a ; - : co consequently 
ap, AP, aw 
S=VECLOL Me = i5 
ve ax ) ay , az ’ 


aay | 3s 


div a=(vya)=°" — =invariant 
WV ) Me ae ae ? 


79, 7P,PP_. : 
29 =—_--—--—-=Invariant, 
ve rr al a 
a 

Be 


Invariant differential operator (ay) =axz = +ay Ss 
ax ay 0% 


a, Of Y, a a, 
curl a=[ya]=vector: : pores en “f ted He acid 
ay a2” 9% at’ ax ay 


Let A stand for a tensor of second rank with components Axx, Axy, etc... . . Ass, 
while @ is a vector. Then we define as inner product of A and a a vector with rectangular 
components Axzdx+Axydy+Axzdz; Ayxdx+Ayydy+A yzaz; Azxda+Aszydyt+Azedz, which 
we denote by (aA). Taking for a the differential operator y, we obtain a vector which 


we call div A, the components of which are © Asst saat : Axz, etc. 
F) a Ey 4 


” 
?See, for example, Carslaw, Mathematical Theory of the Conduction of Heat in 
Solids (London, 1921). 
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where A, B, C are certain coefficients and doy;, doz, doxy are the pro- 
jections of the surface element do on the yz, zx, and xy planes of co- 
ordinates, respectively. Integrating this expression over a closed 
surface and transforming the surface integral into a volume integral 
by Gauss’s theorem, we find that 


is an invariant. Consequently A, B, C form the components of a 
vector, and the right-hand side of (12) is the scalar product of two 
vectors. Thus F,is a vector with components F,, =A, F,,=B, F,,=C, 
and this vector will be referred to as the flux of radiation. 

From the definition of F, we have 


(Fada) =do f 1, cos I,do dw, 


the integration being extended to 47 of solid angle. Thus the x- 
component of F, is given by 


dx 
Fam {l ds dw (13) 


where ds is a line element in the direction of J, and dx the x-compo- 
nent of ds. The expression of F,, and F,, may be obtained from (13) 
by substituting dy or dz for dx. By using equation (1) it is possible 
to transform (13) into a remarkable form which affords the most 
convenient starting-point for any application of the theory to actual 
problems. We assume the material medium to be isotropic, as will 
necessarily be the case if we are dealing with gases or liquids. The 
function x, must then be a pure function of position, and inde- 
pendent of the direction of emission or absorption. 

Writing (1) in the form 


1 B,/2,—( oh ee) as (14) 


Os 


8 SVEIN ROSSELAND 


and introducing this value of J, in (13) and expanding the differ- 
entials with respect to s, we obtain, finally, 


TO Mae. OP rx OP ry OP xz 
oat oa oa ay (15) 
where 
= dx ; x dx dy 
a= (1(2) dw ; Pam {15 ee dw ; 
r (16) 
dx dz hy 
Pam {1 or qs 0 : Sam { E4 dw 


Thus the vector F, satisfies the differential equation - 
{ Om bao Fv-+ div. P=Sv (17) 


where P stands for the symmetric tensor of the second rank, the 
components of which are Px, Pry, Piz, Pyy, Pys, Ps, and which hence- 
forth will be referred to as the “‘flux tensor.” 

5. It is of great interest for stellar theory to derive the most 
general conditions which must be complied with in order that the 
tensor P shall reduce to an invariant. The principal diagonal com- 
ponents of the tensor are then equal, while the skew components 
are all zero. Introduce angular co-ordinates of direction 0 and ¢ by 
the expressions 


da LOS Mon eye 
ds 7 512 8 cos 5 ds 7 512 8 sin 6 ; Ter ean 


In these co-ordinates the element of solid angle has the form 
dw=sin 6 dé dd 


and the equation for one of the skew tensor components, Py say, 
thus becomes 


Pam [ { T,(0, ¢) sin3 6 sin ¢ cos ¢ do dé. 
@=0 Jg=0 


This expression will be zero, provided J, (6, ¢) is an even function of 
¢@, and the same will be the case for the other skew components. 
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For practical applications the dependence of P on @ is of most im- 
portance. Written out in full the expressions of Pz, Pyy, Ps are 


Pe iH : Hl Ce Sy mak 6 cos 6.00. da ota) 
6=0 Jg=0 


ee i ; (3 FG; 6) sine 6 cin @ d0°OS (8) (18) 
6=0 Jg=0 


Pam { { I,(0, ¢) cos? 6 sin@ ddd (c) 
6=0 J ¢=0 


The equation P:,= Pyy is satisfied, provided I,(6, @) is an even func- 
tion of ¢. The requirement P;,=P;,, on the other hand, restricts 
the dependence of J, on 6. Assume J, to be developed in a power 


series of ~=cos 0: 
CO 
— > 4au" . (19) 


The coefficients A, in this series will be functions of position and of 
the angle ¢. The condition P.,=P,,; now takes the form 


ce am I es am =H 
>, (74006 (ure dum S° (Ay cos 6 a8 f"G—we)u da. (00) 


As this condition imposes only a single restriction on an infinite 
number of coefficients A,, A, .. . . Ao, it is clear that the desired 
result can be attained in an infinite number of ways. The case of 
special interest for practical applications occurs when only the few 
first terms in the series (19) are appreciable and the coefficients A, 
are independent of ¢. For the zero term alone, that is, when J, is 
independent of yp, relation (20) is satisfied identically. This is also 
the case for the first-power term and all terms involving odd 
powers of ». The terms involving even powers of y will, however, 
not drop out of formula (20). Thus the form 


Tp) =AotAru tA. yw? (21) 


cannot be reconciled with the requirement P,,=P,, unless A,=o. 
As soon as terms beyond A, are included, the coefficients may be so 
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adjusted as to comply with the requirement without putting any of 
them equal to zero. The foregoing result is of interest in so far as 
it shows that, in the limiting case when the deviations of J, from 
perfect spherical symmetry are very small, the tensor P deviates 
very little from an isotropic potential function, and that the tensorial 
nature becomes apparent as soon as the second-order term in (19) is 
of importance. 
For the case that A, is zero in (21) we have 


I 


stot ar 
Poe=Py=Pa= anf (A, +Axm)p? oe Ay. 


The energy density of the radiation field per unit frequency is, on 
the other hand, 


2 a 
Aya te Chee En ere 
ie Re C 
or 


A,. (22) 


Thus, for the limiting case in question, the only surviving components 
of the flux tensor P are equal to one-third of the energy density of 
radiation, multiplied by the velocity of light. From expressions (18) 
it will further be noticed that (22) gives a good approximation in all 
cases in which the term in /,, which is independent of 6 and 4, is 
large compared to the sum of the terms containing 0 and ¢. This 
circumstance justifies the application of (22) to most problems of 
transmission of radiation in the interior of a star.’ 

The foregoing considerations all refer to radiation in a specified 
spectral interval. Integrating Fy over all frequencies, we obtain a 


vector 
lo) 
B= [ F,, dy (23) 


which describes the combined flow of radiation for all frequencies. 
6. Consider a closed surface S fixed in space. The energy which 
at any time is contained within S is the sum of three terms: the 
t Monthly Notices, R.A.S., 84, 52, 1924. 
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electromagnetic energy of radiation, the thermal and subatomic 
energy, and the macroscopic kinetic energy of the substance. The 
corresponding energy densities we denote by &, pE, and pV’, p and 
V being mass-density and vectorial velocity of the substance at the 
point in question. The change in the total energy within S which 
takes place in the time element d¢ is thus 


OE, 0 fe) 
at if Oss 8 (om) +2 (hove) \ar on 


the integration being extended to the volume inclosed by the surface 
S. This energy must be equal to the sum of the net amount of energy 
which in the same time interval flows through the surface, and the 
work performed on the substance within the surface by external 
forces. 

It is convenient to separate from the flux of internal and thermal 
energy a term pH#,V which gives the flux of subatomic energy, the 
interatomic energy due to rotation of molecules, the excitation of 
atoms to higher quantum states, etc., pH; being the density of this 
part of internal energy. The total flux of translational energy of the 
atoms, on the other hand, is calculated as follows: Denote the ve- 
locity of an individual atom by V; and write 


V;=V+V, (25) 


where V, is the random velocity of thermal agitation. If we could 
neglect the effect of collisions between the atoms, the total flux of 
translational kinetic energy would be given by the expression 


r= {tn | (26) 


t 


where m; is the mass of the 7th atom and where the summation is to 
be extended to all atoms in unit volume. The collisions we take 
account of by introducing in (26) a zero-dimensional quantity P; 
which is a function of the mean free path of the atoms in question. 
Expanding (26) by using (25) we obtain 


F.= > P\V?-V+V:V-+ ViV,+2(VV,) V--+2(VV,) V+VV,t . (27) 
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The first term in this expression gives the flux of macroscopic kinetic 
energy 4pV°V. The second and third terms give the flux of thermal 
energy, the second term corresponding to a flux 


pEwW ; pEi= > PV; 


where £; is the thermal translational energy of the atoms per unit 
mass. The third term corresponds to what we are accustomed to 
call the ‘‘conductive flux of energy,” which we shall denote by F,. 
The x-component of the fourth term we write in the form 


Ve > mPVietVy Dm Vr gee Ve > mP Vr Ves (28) 


which shows that this term is nothing but the inner product of the 
velocity V with the (symmetric) hydrodynamic stress tensor. It is 
customary to separate the hydrostatic pressure f from the frictional 
terms in this tensor, and thus to write its components in the form 
Pte; Pty; PIs; Wry} Tas} Tys. The last two terms in (27) dis- 
appear identically. Thus, finally, the expression for F; is 


F.=F.+4V-V+ pEV+ pV+(Vm) (29) 


If f is the external force per unit mass, there will be an additional 
increase in energy per unit time and volume of amount p(fV). Add- 
ing up all these terms, we find that expression (24) must be equal to 


fo(fV)dr— [{F,+F.+(p+pE)V+ (Vo) } dS (30) 


where the first integral is to be extended to the volume within S, and 
the second to the surface S itself, the index 2 meaning that the 
components along the outward normal to dS are to be taken for 
the vectors inclosed in brackets. Transforming the surface integral 
into a volume integral by Gauss’s theorem, and remembering that 
the surface S is arbitrary and thus may be infinitesimal, we find by 
combination of (24) and (30) 


dE, : 
tS (0B) +S (hoV*) + divi, +Fe+(pE+p)V+(Va)}=p(f¥) . (32) 
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This expression may be further simplified by using the hydrodynam- 
ical equations 


2 (eV) =ef-ve—div *—divM; 5° +div pPV=0 (32) 
where the tensor M represents the macroscopic flow of momentum: 
(div M),=div (pV.V) ,_ etc. 

Hence 
>, (2PV*) = o(fV)— (Vp) —(V div ™)—div(gpVV). (33) 


By using this expression, (31) transforms into 


OF, Me 
ot 


+div (F,+F.-+pEV) =(V div 7)—div (Vir). (34) 


For viscous fluids ™ has the form 


(35) 


: OV. at OV. OV, 
Trz=p div V—X - 5 Ty =p div V—A a: 5 Wa=u div V—r ng 
OV, , OV. OV, OV: OVy , AV. 

1s -1( ay ay asain ds € at me oe ts (oe a a 


In these formulae \ and y are two coefficients of viscosity which, for 
the case of a gaseous medium, are connected by the relation \=3 yu. 
Carrying out the differentiation processes involved, we find further* 


Sec Val Vidi waa,” OV eta S = Ae aia ae 


OVeCOrS Veo Ve OV, 
cael Cm ere ln (Ss wee a) (36) 


t Denoting the co-ordinates by ax, #2, «3, formula (36) may be written in the form 


3 3 
div (Vm)—V div ==) 9) ai yp EE (36a) 
t=1 k=1 


The right-hand side of (36a) is thus seen to be equal to the spur of the tensor product of 
a with the derivative of V. (See Eddington’s Mathematical Theory of Relativity, 1st ed., 


p. 58.) 
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With the aid of (35) and (36), equation (34) takes the final form 


OF, 
ot 


+3 (pE)-Ldiv {F,-F.+pEV}+p divV=6 — (37) 


where 
OV,\2 OV, \2 OV,\2, 7 [9V2 or) 
baad) ee fae sire +(F Tae 


: .\2 fs) OV. A 2 
iiQLeRE) ath) ears 


Oz Ox 


The quantity represents the heat energy generated by friction per 
unit time and volume of the fluid.’ 

Equations (37) and (38) in conjunction with the eennoe 
equations of motion (32) constitute the general system of differential 
equations by which the internal state of a star may be described as a 
function of the time. 

If there is no friction in play (A =o, » =o), and if there is no inter- 
change of energy between radiation and matter (0./d+div F,=0) 
and no temperature conduction (F,=0), (37) reduces to the adia- 
batic relation 


d 9@ 
Tipo tein; FoF Ly), (30) 


In the case of an ideal gas, pis equal to 3p EZ, and thus equation (39) 
may be written in the form 


© (E¥-!)=0, (40) 


showing that E'p-* remains constant for any individual mass ele- 
ment during its motion. If such a relation between p and Z£ is ful- 
filled, not only for an individual mass element, but for all mass 
elements, the involved constant being the same, the star is said to 
be in convective equilibrium. 

Consider, on the other hand, the case in which there is no motion. 
As the state of the system is thus stationary in time, no term involv- 

t For an analogous, though less general, treatment of the problem considered in 


this section, see G. Kirchhoff, Vorlesungen iiber Mathematische Physik, 4 (Leipzig, 
1894), I13. 
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ing the explicit time can appear in the equations. Thus the internal 
energy density of matter can at most involve a linear term in #¢, 
and equation (37) reduces to 


OE ; Ee 
baa ey ah tig, cae (41) 


which, in conjunction with the hydrostatic equations, is the general 
condition for the existence of radiative and conductive equilibrium. 

Previous investigations concerning the internal constitution of 
the stars by other authors are, without exception, concerned with 
purely adiabatic or purely radiative equilibrium. In the sequel we 
shall consider cases which belong to neither of these classes, and, 
in particular, study the perturbing effect of local convective atmos- 
pheric currents on the flux of radiation from a star, the interior of 
which is in purely radiative equilibrium. This phase of the problem 
is likely to have an important bearing on sun-spot phenomena. 

7. Sun-spots—We are now prepared to discuss the following 
hypothesis concerning the origin of sun-spots, in so far as it relates 
to the reduction in temperature: The sun as a whole is assumed to be 
tn radiative equilibrium. The spots are regions in which this equilibrium 
ts disturbed by vertical currents. We shall approach the solution of 
this problem by successive approximations, beginning with the 
limiting case of radiative equilibrium. 

For the case of radial symmetry the equations of radiative 
equilibrium may be written in the form 


L@ (ap): ae I eal aE 
ante ar (r F,) ? 4rpG= Yr ar (7*f) ? 4r&é= at’ | ’ 
2 
dP ‘ 
apron es 


where ¢ is the distance from the stellar center to the point in ques- 
tion, /, the radial flux of radiation, G the constant of gravitation, 
f the gravitational acceleration, and P the sum of gas pressure and 
radiation pressure. The weak point in all existing theories of stellar 
constitution lies in the fact that the quantity which we have denoted 
by eis entirely unknown; and we must proceed tentatively by testing 
different hypotheses concerning the nature of this quantity. The 
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common practice is to assume ¢ constant; in treating problems of 
stellar atmospheres it is frequently put equal to zero. Such a pro- 
cedure has, of course, only a heuristic value, but we shall follow it 
here because the exact value of ¢ does not greatly affect the results. 
For constant ¢ it follows from (42) that 


Fe=)-3f (43) 


where \ is a constant. As f can vary but little in the stellar atmos- 
phere, this means that F is practically constant throughout the 
surface layer of the star. This result is not changed by assuming 
¢ to be zero, and indicates simply that we assume the bulk of the 
radiation to originate in the interior of the star and not in the sur- 
face region under consideration. 

The flux vector F, we assume to be of the form 


F=-= VU =. :6by wah oe aa 


throughout the whole atmosphere, where U is the energy density 
of radiation, A a constant, and x the mass absorption coefficient, 
averaged in a certain way. It follows directly from (22) that (44) 
is the limiting form for the case of the deep interior of the star, where 
the asymmetry in the radiant field is small. It is also the limiting 
form for the flux near the limit of the solar surface, where the radia- 
tion is approximately tubular, as considered in the Schuster- 
Schwarzschild approximation; but the constant A will be several 
times larger in the latter case than in the former. Assuming x to be 
a constant in (38), eliminating dr from the hydrostatic equation in 
(42) by using (44), and integrating, we obtain 


A 
pa (U—U,)+BU, ; 1>B>4 (45) 


where U, is the energy density of radiation corresponding to the 

temperature of matter at the top of the atmosphere. Hence, by 

Stefan’s law, P will be sensibly proportional to the fourth power of 

the temperature T as soon as we are so far down in the atmosphere 
* Monthly Notices, R.A.S., 84, 525, 1924. 
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that U, is small compared to U. This result depends little upon the 
assumed constancy of «. Using, for instance, the formula 


*=const. pT-3, (46) 


which may give a better approximation in consideration of the con- 
ditions in the star’s interior,’ we find, similarly, radiation pressure 
being neglected, 

P=const. U V1—U32/U? (47) 


which, for the case of the stellar photosphere, does not differ essen- 
tially from (45). Hence, for an atmosphere in radiative equilibrium, 
we assume that the gas pressure falls off as the fourth power of 
temperature. The mass density will consequently be proportional 
to the temperature in the third power. This result will be used in 
what follows. 

As a next step we consider the case of an atmosphere in radiative 
equilibrium except for isolated places where local vortices and con- 
vection currents disturb the equilibrium conditions. We neglect 
the effect of friction and temperature conduction, put © equal to 
zero, assume the state to be stationary in time, and write (37) in the 
consequent form 


div F,= 1 V(VP—pVE~pv *) : (48) 
For an ideal gas mixture we have 
P=2pE 
and consequently 
dws 
VP— pVE— pV = 3EVp—pVE . (49) 


The vectors Vp and VE may point in slightly different directions, 
but it lies in the nature of our assumptions that this difference will be 
small, and we assume that a good approximation will be obtained 
by taking p a function of Z. Thus for p proportional to E”, expression 
(49) assumes the form 


n—$ 
Sete (50) 


t Mt. Wilson Contr., No. 296; Astrophysical Journal, 61, 424, 1925. 
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If m is equal to 3, this expression is zero, and we have the case of 
convective equilibrium (cf. equation 40). The value of » will, how- 
ever, be considerably larger than $, since that corresponding to 
radiative equilibrium is of the order of 3. Thus 


_7—4 
a aes (52) 


is a positive quantity between zero and 3. For small values of the 
vertical acceleration, the hydrostatic equation in (42) will give a 
good approximation to the pressure gradient, and thus (48) may be 
brought into the final form 


div Fae aon (52) 


This equation expresses the fact that, apart from the multiplier a, 
the increase in intensity of the flux of radiation is balanced by the 
work done by the gravitational forces on the streaming masses. 
To obtain the total loss in intensity of radiation caused by local 
stationary convection current, we integrate (52) throughout a tube 
which runs parallel to the direction of F from the base of the current 
to the top of the stellar atmosphere. Let o,, o, be the lower and 
upper cross-sections of this tube, and F,, F, the mean values of 
F, over o; and o,, respectively. For the case under consideration 
the difference between o, and oa, will be neglected, and the tube 
assumed to be straight, and of length H, The volume of the tube is 
thus gH. Transforming the volume integral over the div-expression 
in (52) into a surface integral by Gauss’s theorem, and denoting 
mean values over the volume cH by a horizontal bar, we find 


F,—F,=aHV,fp (53) 


where V; denotes the vertical component of the velocity. A rigor- 
ous test of this formula is not possible, because of our ignorance of 
most of the quantities which enter; but, on the assumption that (53) 
is true, it may be found useful in various ways. We know, for in- 
stance, with fair certainty that in the case of sun-spots the value of 
p cannot be much larger than 10~° g/cm3 and that V, cannot much 
exceed 10 km/sec. The temperature of the spots is frequently found 
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to be about 1000° K below the average temperature of the solar 
surface, which is of the order 6000° K. Hence, by Stefan’s law, 


F,—F,=3F,=4.10" c.g.s. 


Using these data and the limiting value ? for a, we find from (47) 
that the thickness of a sun-spot cannot be less than fifty kilometers. 
This value is very small compared to the horizontal extension of 
spots, and it is, therefore, possible to assume very much smaller 
values of p and V, without arriving at improbably large values of 
the vertical thickness. 

A more refined test of the theory is scarcely to be obtained, even 
with considerably improved observational material; and we must, 
provisionally, be content with the result that sun-spots may be the 
natural results of solar photospheric convection currents of moder- 
ate strength, even though observations do not provide a definite 
proof of this conclusion.’ 

7. Solar rotation.—It is a significant fact that the sun does not 
rotate like a rigid body for which the instantaneous angular velocity 
is the same for all mass elements. In the reversing layer of the sun 
the angular velocity W follows the law? 


W=W.+W; cos? (54) 


where ¢ is the solar latitude; W. and W, are constants. It is natural- 
ly to be expected that the stars in general will exhibit similar devia- 
tions from a state of uniform rotation, which we shall call the general 
circulation of the star, in contradistinction to regions of local circula- 
tion such as sun-spots. 


t Bjerknes (Comptes Rendus, 182, 48, 1926) has suggested that the depression of 
the isothermal surfaces in a sun-spot may be connected with a special kind of 
horizontal circulation [cf. formula (66) of this paper]. Although the assumptions 
underlying the quantitative estimates in Bjerknes’ paper may differ widely from 
actual conditions, it seems that a structure of the horizontal velocity field of a sun- 
spot, essentially of the kind contemplated by Bjerknes, may just be necessary in order 
to produce the vertical motion contemplated in the foregoing theory, and the two 
theories may, therefore, be consistent in the end. For a further development of this 
theory, see also Bjerknes, Mi. Wilson Contr., No. 312; Astrophysical Journal, 64, 
93, 1926. 

2W.S. Adams, ‘‘An Investigation of the Rotation Period of the Sun,” Carnegie 
Institution Publications, No. 138, p. 130. 
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The origin of the general circulation of the sun is probably similar 
in nature to that of the terrestrial atmosphere. The terrestrial 
circulation is maintained by the systematically higher tempera- 
ture of the equatorial air masses relative to the polar masses, which 
disturbs the conditions of hydrostatic equilibrium and starts the 
complicated system of air currents between equatorial and polar 
regions. Although the general circulation of the terrestrial atmos- 
phere arises from non-uniform heating from without, that of the sun 
may, on the other hand, be caused by non-uniform heating from 
within. 

In order to see how a permanent circulation may thus be started, 
consider the case of a star having a steady motion such that the 
acceleration of an individual mass element arises from a potential Q. 
This implies the existence of a velocity potential w which is con- 
nected with Q by the relation’ 


_ dw i PO — ° dV _ 
Q= 7, +2(Ve) : V=Vo ; Ae 
Denoting gas plus radiation pressure by P, and the gravitational 
potential by ¢, we obtain the equations of motion in the form 


De pkiey mca Pope ae. 
5 P= Vg Q) ; Abeer (55) 


frictional terms being neglected. Operating by curl on both sides of 
this equation, we find that the vector product of Vp and VP is zero, 
and hence that these two vectors are parallel, and, by (55), parallel 
to V(@—Q). The surfaces of constant density and pressure will 
therefore coincide with the surfaces, 


¢—Q=const. , 


which we shall call “level surfaces.” As the temperature is a func- 
tion of density and pressure, it follows that temperature will also 
be constant over a level surface. 

The thermal structure of the star is essentially determined by the 
distribution of energy-generating sources, as specified by the func- 
tion © [cf. equation (41)]. Except for a transition layer somewhere 

*See H. Lamb, Hydrodynamics, 5th ed. (Cambridge, 1924), art. 20. 
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in the stellar atmosphere, the flux vector will have the form (44). 
Since U is a function of temperature only, the normal surfaces of F, 
are level surfaces. Denoting ¢—Q by wy, we may thus write 


F,=—AVyp (56) 
where A is some function of y, and, by (37) and (41), 


retin Fie div. V= Avy FF (Vu)—Pv% (57) 
where, by Poisson’s equation, 
Vi¥=—4mrGp—VQ. (58) 


Although it is not known just what law ¢ will follow, it is a fair guess 
that for regions in the same star having the same temperature and 
density ¢ will also be the same. Thus ¢ should be constant over a 
level surface: and hence, by (57), 


aA , 
meh dale (Vy)?+PV?w=function of y. (59) 
In case of rigid rotation with constant angular velocity W 
V7O=—2W? ; V7w=0. 


Since (Vw)? varies over a level surface, it is, by (59), necessary that 
A be independent of ~; and hence (57) assumes the form 


W2 
€= const. (x- a F (60) 


a relation first derived by von Zeipel.? If the internal heating system 
of the star does not conform to this particular law, rigid rotation 
becomes impossible, and a more general kind of motion will take its 
place. It seems physically impossible, however, as pointed out by 
Eddington,? that this law should be followed near the stellar surface, 
since ¢ becomes negative in the region where p< W?/27G. Near the 
surface of a rotating star we must, therefore, always expect some 
kind of general circulation. 

The result embodied in equation (60) is evidently of a more re- 

t Monthly Notices, R.A.S., 84, 665, 1924. 

2 The Observatory, 48, 73, 1925. 
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strictive character than the analogous criterion of stability estab- 
lished by Poincaré,’ which we shall recall briefly. If a star rotating 
with constant angular velocity W is to remain in permanent equi- 
librium, it is necessary that the apparent force be directed inward 
all over the surface S which forms the free surface of the star. Thus 
we have the condition that the integral of dy/dn over the surface S 
must be negative, 7 denoting the outward normal to S. Using 
Gauss’s theorem and equation (58), we thus have the relation 


if dS = -{ AC ANE Q)dr . (6r) 


Let p denote the mean density of the star, defined as total mass 
divided by total volume, which latter may be denoted by T. For 
rigid rotation V?Q=—2W?, and the foregoing equation takes the 
form 


iE dS =—2T(27Gp—W?) . (62) 
s 


For equilibrium to be possible the right-hand expression must be 
negative, and therefore 
W?2 


pA ica ge 
GE or ES days (63) 


Vp 
where P is the period of rotation, and p is measured with the density 
of air as unity. 

It seems to be implicitly assumed by all investigators of the 
theory of rotating stars that if a star, originally rotating with con- 
stant angular velocity, enters a state in which relation (63) is vio- 
lated, cataclysmic motion must occur, resulting in fission or forma- 
tion of a sharp edge from which matter is thrown off continuously. 
These conclusions, however, rest upon the hypothesis that the stars 
will always retain a state in which the angular velocity is the same 
for all mass elements. The impossibility of this hypothesis is clearly 
shown, however, by von Zeipel’s relation (60); and in the sequel we 
shall examine some simple cases and show how a star may take up a 
state of motion with varying angular velocity, so as to conform to 
particular laws for the generation of stellar energy. 

« Figures d’ Equilibre d’une Masse Fluide (Paris, 1902), p. 11. 
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In examining the characteristics of the resulting motion, we 
shall first show that it is not sufficient to assume the angular velocity 
to be a function of only the distance R from the axis of rotation. 
For in this case an acceleration potential exists: 


Q= = f WeGRAR : V7Q=—2W?—R ile ; V2w=o (64) 
and equation (59) must be satisfied. Even without detailed calcula- 
tions, it is seen that the form (64) of Q is, in general, incompatible 
with (59), since Q will be constant over a certain class of cylindri- 
cal surfaces, while (Vy)? will be constant over certain oblate sphe- 
roidal surfaces, not very different from the surfaces of constant y. 
In the next step we give up the assumption that an acceleration 
potential exists, but still assume that the motion takes place in 
circles around a fixed axis, such that the angular velocity W is now 
also a function of the distance z from the equatorial plane. Denoting 
by r the radius vector from the center of the star to the point in 
question the hydrodynamic equation of motion takes the form 


[WV] =Vo-" vP; V=(Wr, (65) 


viscosity being neglected. Operating by curl on both sides of (62), 
we find, after some calculations,’ 


ow i 
2V -. -=[VavP] ; sere (66) 


This relation shows that when the angular velocity varies in a 
direction parallel to the axis of rotation, the isobaric and isosteric 
By ordinary vector formulae: curl [WV]=V div W+(Wy)V—(Vy)W—W div V. 


Since div V=o and W remain unaltered for an individual particle during the motion 
the last two terms disappear. Remembering that W has only a z-component, the first 


two terms may be written in the form ° (Wi), and, by the fact that V is proportional 
to Ws and otherwise independent of z, it follows that 


DLE 
5g (V8) =2 - Vac 


Hence the left side of (66). The right side follows from the formula curl zA=y curl A+ 
[vuA] by putting .=a and A=ywP, and remembering that curl yP is identically zero. 
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surfaces will be inclined to each other by a finite angle. The flux of 
radiation, since temperature is a function of both density and pres- 
sure, will be parallel neither to the pressure nor to the density gradi- 
ent. The variation of density along an isobaric surface is directly 
determined by (63). If W is directed along the positive z-axis, as we 
have assumed, the vectors VP and Va will lie in planes through this 
axis, and V will be directed parallel to the positive y-axis. 

Consider conditions in the upper right quadrant of the «z-plane. 
With the foregoing conventions the positive direction of the angle ¢ 
between the vectors Va and VP is to be counted in the direction from 
the positive z to the positive x-axis. If dW/dz is positive, the right- 
hand side of (63) must also be positive, meaning that gis less than + 
which again means that at that point the isobaric surfaces (P= 
const.) are more oblate than the isosteric surfaces (a=const.). If 
dW /dz is positive all the way from pole to equator over a particular 
isobaric surface, this surface will consequently be coldest at the pole 
and hottest at the equator. If 0W/dz is negative, conditions are ex- 
actly reversed.? 

We have thus seen that by suitably varying the angular velocity 
parallel to the axis of rotation, the isobaric surfaces can be tilted with 
respect to the isosteric and isothermic surfaces to any desired angle, 
so that any particular law of generation of energy can be complied 
with. A certain amount of convection is, however, necessary in all 
cases, because of internal friction. Let us assume for a moment that 
the angular velocity is adjusted to the correct tilt of the surfaces. The 
effect of viscosity will always be to reduce this tilt, and a reinforce- 
ment of the motion can be obtained only by introducing a current 
system from pole to equator, or vice versa, which by the principle 
of conservation of angular momentum, will increase or decrease the 
angular velocity by any required amount. From the previous calcu- 
lations concerning the temperature of sun-spots it may be concluded, 
however, that any large-scale, vertical convection currents possibly 
existing in the sun must be of an exceedingly feeble intensity in 
order not to disturb the uniform illumination of the solar surface. 
It seems doubtful, therefore, that such currents can, for the case of 

t These results were originally found by Bjerknes, ‘““Dynamics of the Circular Vor- 
tex,” Geofysiske Publikationer, 2, No. 4, 1921, p. 44 (A), p. 45 (B). 
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the sun, materially affect the distribution of different elements in 
the sun’s interior, as has been suggested.” 

In order to illustrate the conditions more clearly, consider a 
simple example. Assume the liberation of energy to be proportional 
to density, and the flux vector to have the form 


F,=—VU 
where U is a function of the absolute temperature T only. We have 


then the following system of equations: 


—W?R=—-- = (4) VU=—a4rep (c) P=kpT (e) k=const. 


(67) 
=—-—- — (6) V’*b=—47Gp (d) e=const., 


frictional terms as well as radiation pressure being neglected. By 
using (e), equations (a) and (0) may be written in the form 


ee: T 0 log p 
W= S “ (kT — g) +k 5 aR (68) 
7) log power: 


These equations show that for the entire class of solutions of 

(c) and (d), in which the boundary conditions for U and ¢ are the 

same, in consequence of which T is a function of ¢, the density is 
given by an expression of the form 

log p= = ( 20Fp2) + function Gish. (70) 


By introducing expression (70) in (68) it follows that the angular 
velocity is given by the expression 


W?=kT A(R) (71) 


where A is an arbitrary positive function of R only. 
Thus, passing along a line parallel to the axis of rotation, W 
increases from the surface to the interior, being proportional to the 
1 A.S. Eddington, The Observatory, 48, 73, 1925. 
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square root of the temperature, and the star will, by (66), be hottest 
at the poles and coldest at the equator. For cases which are more 
general than those considered above, the function A will probably 
be completely determined except for an arbitrary constant. If this 
should prove to be true, observations of the rotation of the sun might 
provide a direct source of information about the origin of the energy 
of solar radiation. 


Mount WItson OBSERVATORY 
March 1926 
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ON THE THEORY OF THE CONTINUOUS 
SPECTRUM OF THE CORONA 


By EDISON PETTIT ann SETH B. NICHOLSON 


ABSTRACT 


The distribution of energy in the coronal spectrum.—Woltjer’s calculations, based on 
scattering by free electrons, indicate that the ratio of far infra-red to visual radiation 
is greater for the corona than for the sun. A recalculation without his approximations 
gives an even richer infra-red radiation for the corona. 

Computation of the water-cell transmission of the coronal radiation.—It is shown that, 
even with the revised calculations, the difference between the spectral distributions of 
energy in the coronal and solar radiations could not be detected by using the water cell 
to separate two spectral regions, as was done at the eclipse of January 24, 1925. 

Agreement of computed and observed water-cell transmissions—The theoretical water- 
cell transmission for the corona agrees as closely as can be expected with that observed 
by us at the eclipse of January 24, 1925. 


In a recent paper, Woltjer* has calculated the distribution of 
energy in the continuous spectrum of the corona based on the scat- 
tering of radiation by free electrons. Two approximations are given, 
the first depending on the classical theory of scattering, and the 
second, which he accepted as more conclusive, depending on the 
introduction of the theory of quanta. The effect of positive ions is 
referred to, but their influence and that of neutral atoms is not dis- 
cussed; hence the result tacitly assumes the corona to be an atmos- 
phere of free electrons. The conclusion is that, while the continuous 
spectrum of the corona is practically identical in energy distribution 
with the solar spectrum in the photographic and visual region, it is 
much richer in energy in the far infra-red. It is our purpose to discuss 
the bearing of the radiometric observations on the author’s theory. 

In the approximations based on the classical theory of scattering 
Woltjer gives the following expression for the radiation scattered 
toward the earth from a point P in the corona: 


ae . : : 
mad fl p08 6 sin ¥(1-+cos? x cos? a +3 sin? x sin? a)dy . (z) 
° 


t Bulletin of the Astronomical Institutes of the Netherlands, 3, 103, 1926. 
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To integrate this expression, he neglected the higher powers of x and 
arrived at the approximate solution 


Aer 80, 


where F, measures the energy of frequency » in the mean solar 
spectrum, a, and 6, are the coefficients of darkening for the solar 
atmosphere, and the relations 
ee T 
Ae aoe 
hold when the point P is at the limb and on the sun. 
If the higher powers of x are not neglected, the solution for a 
point at the limb and on the sun is . 


1 20%+7), 
P.(1 4 corte) (3) 


The coefficient of F, is the ratio of intensity of the coronal radia- 
tion to that of the integrated solar radiation for any frequency ». 
Table I gives the values of this ratio derived from Woltjer’s expres- 
sion (2) and from the rigorous expression (3) in units of their values 
for wave-length 0.3 yu. 


TABLE I 
Wave-Length Approximate (2)} Rigorous (3) 
ONS Monaiale ibe a si one:s acta ee eee I.00 I.00 
GO ee Fare eee eniecine 1.03 Tet 
Tote sce Wie clon wremre nee uve earls I.04 T.23 
Ee Or aie whe od cite ea mae cee 1.05 1.27 
a iia eth ite/a'sial ahs hie otaue Ree 1.05 Te27 
Ay sis\ sin Aiorh lone ies Sak aieve aren seetee te 1.05 1.28 
A cee rE Oe ete 1.05 1.28 


It will be noted that the rigorous formula (3) indicates more 
infra-red radiation in the corona than formula (2). 

Introducing the quantum relations, the author gives the coeffi- 
cient of scattering, according to Pauli’ and others, as proportional to 
3 

Ite Pr 5 (4) 
* Zeitschrift fiir Physik, 18, 283, 1923. 
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where the frequency of the incident and scattered radiation is taken 
to be the same, and the function is supposed to be roughly applicable 
to non-isotropic radiation. 

In this expression, p, is the density of radiation at the point P, 
and is equal to 


2 Yo 
27 a( “ cos 6 siny dy. (5) 


In the integration of (5) the higher powers of x were again 
neglected with the following result: 


oi font l,-O0,\ . 
pra 2 ataty Se SEE) =O +6) (6) 
Substituting in (4) the value of p, from (6) and taking 
Ye, 2mhv3 I 
aa C m) : 
kT, 
é et 


we find for the factor which expresses the dependence of the coefficient 
of scattering on pv 


r 
rt ey (42) 
A kT, a 


In evaluating this coefficient Woltjer neglected 6. Integration of 
equation (5) without approximations gives for a point at the limb 
and on the sun 


pH (14 Set) tp). (6a) 

Table II shows the factors of proportionality (4a) as derived by 
Woltjer, neglecting 8, and as derived from equation (6a), including 
the value of f;,. 

Here again the rigorous formula indicates more infra-red radia- 
tion than the approximate formula. 

In discussing the observational data it will be recalled that the 
distribution of energy in the coronal spectrum was determined radio- 
metrically at the eclipse of January 24, 1925, by measuring the 
water-cell transmission. The transmission constants of this cell have 

® Mt. Wilson Contr., No. 299; Astrophysical Journal, 62, 202, 1925. 
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already been given.! The distribution of coronal radiation under the 
conditions of observation may be computed by applying the theo- 
retical factors given in Tables I and II to the intensities in the solar 
spectrum after transmission by the earth’s atmosphere, and then 
applying the water-cell transmission constants to the resultant inten- 
sities. The data in Tables I and II refer to a point on the sun at the 
limb, and with less approximation to other points in the corona 
situated in the same line of sight. Since the intensity in the corona 
falls off rapidly with increasing distance from the limb, it is clear 
that points which approximate the conditions for which Tables I and 
II were computed will have the predominating effect; but these limi- 


TABLE II 
Wave-Length Approximate (2)} Rigorous (3) 
(oa EO ee Cnn Hae ae I.00 I.00 
0, On rina canis mane ae I.00 I.O1 
Tee Pote re ereaca ids, pata Rees eRe T.02 I.04 
Behe ccm ial eRe by ehhh, we ey ob ep bineee TILO 1.19 
fs. ey Ra de ars tial 7 ee T2220 1.38 
OR cha Aah tae vot eh ons ae nee I.30 Tyo 
Be oe of ie eg he, Re Pet en AES I.40 Taye! 


tations should be kept in mind when comparing the theoretical and 
observational data. 

If we could place equal confidence in the theories from which the 
values in Tables I and II are derived, the combined result, represent- 
ed by the products of the two solutions, would be adopted as the 
more reliable; but since it is difficult to estimate the effect of several 
rather violent assumptions made in the applications of the theory of 
quanta, we give, in Table III, two solutions, one depending on the 
classical theory alone and one depending on the classical theory as 
modified by Woltjer’s application of the quantum theory. 

In Table III the numbers in the second column are proportional 
to the solar energy between the limits of wave-length indicated in the 
first column. These values, which were taken from Table 550 of the 
Smithsonian Physical Tables (7th rev. ed.), are for air-mass 3, which 
was traversed by the radiation. The third column gives the products 


* Mt. Wilson Contr., No. 246; Astrophysical Journal, 56, 295, 1922. 
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of these values into the transmission coefficients of water-vapor in- 
ferred from Table 377 (zbid.) for 1 cm of precipitable water. No 
measures of precipitable water were made at this eclipse; but, con- 
sidering the observing conditions, 1 cm is a reasonable estimate. A 
change of 5o per cent in this variable will scarcely affect the argu- 
ment. The numbers in the third column therefore represent the 
energy distribution in the solar spectrum under the conditions of 
observation at the eclipse of January 24, 1925. It is not necessary 


TABLE III 
COEFFICIENT OF CORONAL 
Sotar ENERGY fea ees 
RANGE OF WAVE-LENGTH 

Air | tats 5 Tand'#| Classi- | Modi- 

a“ 3| 4.0, Table I Com- cal fied 

Icm bined 

ON COMA Ei reitareats ioe fo peere ec cur ielp, «erie awa eats QurO: | O.10))| 1202.) 1.02 | ©. 10: | O. 10 
(S52 RON ERO cute OEE ae es Ie a etre ae O.JO: |. O270 | 106 | T-06 | Os7A On74 
ROMA ON OLN MEMET cl sveiertrstns! sins cage tow Sued Sev oats HeGO:|MUROO WET Tosa Tee Canoe tens 
ONG CA em re SNE Ci aida spate als greaiat ens On00) | HOLS | sterol tT. Loa) btn ecerO 
aan Orr nereer cama ieee arabia steas aa dls O.O7) [POcoO, (AE ko 1.20) 180,04) 1200) 
ONO S OMe ath oe cerca eters resets 6 aunties O.72 | a.70 | 2.20} 2.23) 0.84 | 0.86 
ORO DO one arstaia cists, siaistay cre.sraMre ale aerate 6 G.00) |"Orso: |" t.22 |r 26) 0.00 0.03 
Din Onan iMrats asta aiasars:tat ate c.vi cians th, «/sbevarevenel is OFSiy [On 50, [0.2371 La20h| O,02)] 0,04: 
ELUN OMA—TAT fe) emo evar vine aati one tae caer er Lol SEO exter toe 6.11 | 6.22 
Tumteroe Omen nsomtrey eit tonre tetra ieee nic cvs o tieherata 2443, |) ES | 1226.) r.4ts | 2507 | 2554. 
Woker sels OS! Cogan GEESE ere Oe eae OAS OLeOn erie 7aet.O2, | O25 lows 
RRCEEAM CINE: Mawes siatsiarch smi eve Gidsi sic, shoei, « 6s O10" | 0:04) | 2227 [Pr 7Go 10.05. 0208 
AOR Ol nerakert tania c\ xis) ee 0 eies4, 06) eo sty. elaisteta es 0,05) | O.0aM {er 25002255) 10103 | Oso 
DOM (Ora mech) ect eciadsts oinis eieiss Ms sia sewer Hoek A Fae yan noptioc 8.71 | 9.21 
a WO -cell \ 0.72 0.70 | 0.68 

pie-evad a oo ttansmiscion, fers ste |e 7 Dal pet eee 7 ; 


to consider the reflection of silver, since it will have the same effect 
on the coronal and solar radiation, which are identical in the region 
of selective reflection. 

The fourth and fifth columns give the mean values of the co- 
efficients of proportionality between the energies in the coronal and 
solar spectrum, computed according to the classical theory, and that 
modified by the quantum theory as outlined by Woltjer. Multiply- 
ing intensities of the solar radiation in the third column by these 
coefficients, we obtain the sixth and seventh columns, which repre- 
sent the distribution of coronal energy according to these two 


theories, respectively. 
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While the water cell transmits some energy to 1.3 u, its practical 
limits are 0.3-1.1 wu, the transmission between 1.1 and 1.3 mw being 
insignificant. The summations of the third, sixth, and seventh 
columns between the limits 0.3 and 1.1 pw then represent the energies 
isolated by the water cell, and those between the limits 0.3 and 5 yu, 
the total energies in the solar spectrum and in the coronal spectrum 
as computed from theory. This shows that, according to the classical 
and the combined classical and quantum theories of scattering by 
free electrons, the water-cell transmissions of coronal radiation 
should be 70 and 68 per cent, respectively, as against 72 per cent 
for integrated solar radiation. These small differences are scarcely 


TABLE IV 
PERCENTAGE Qa 

Source oF RADIATION OF ENERGY 9. oa cee 

CECE S| Classical Modified 
ho ibs RO Pert OE ane Ne EN ORRO RTO C ORI Pid. owh||bgreterayotatore | heheh teeaeaee 
Calculated { Corona, classical theory........... | OPM RRR Ie Gonano oo 
Corona, modified theory........... OB; “|e dite svels stove [eeammeie terete 

Sun, Pettit and Nicholson......... Ffeaty —.. — tI. 

Observed + Corona, Pettit and Nicholson...... 77.0 — 8. —I0. 

Corona, Stetson and Coblentz...... Bai ale +35. 


detectable by a single set of observations made at one eclipse even 
under the best observing conditions. 

A comparison of the observed and calculated values is given in 
Table IV. The last column gives the differences between the ob- 
served and computed percentages of transmission, for both the 
classical theory and that modified by the theory of quanta as out- 
lined by Woltjer. The first two pairs of values for O—C are probably 
not beyond the errors of observation, which may have either sign. 
It will be recalled that our observations with a thin glass screen 
showed no measurable radiation beyond 5.5 u in the far infra-red, 
which is in agreement with the theory when we consider the negligi- 
ble value of the energy in the solar spectrum in this region. 

We wish to express our thanks to Mr. Rosseland for independent 
solutions and checks on points connected with the theory. 

Mount Writson OBSERVATORY 

June 1926 
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REMARKS ON VARIOUS STATISTICAL PROPERTIES 
OF GALACTIC CEPHEIDS HAVING PERIODS 
LONGER THAN ONE DAY 


By J. SCHILT: 


ABSTRACT 


Maximum frequency of Cepheids in different galactic longitudes.—In the region of 
Sagittarius and Aquila the frequency-curve shows a maximum for log P=o.84. The 
maximum for other regions of the galaxy is for a decidedly shorter period. The period 
of maximum frequency for the Cepheids in the Small Magellanic Cloud is about the 
same as for the galactic Cepheids in the hemisphere opposite to the Sagittarius-Aquila 
region. 

Relation between magnitude, proper motion, and period.—The present material shows 
that the median apparent magnitude, median proper motion, and median absolute 
magnitude are systematically small for log P between 0.8 and 1.0. There is no decrease 
of apparent magnitude and proper motion for periods longer than ten days, as would 
be expected from a uniform distribution in density and velocity. 

Absolute magnitudes —The fact that the absolute magnitudes derived from the 
motions of the fainter Cepheids differ appreciably from the generally adopted values 
based on thirteen Boss stars indicates the importance of obtaining both accurate proper 
motions and additional radial velocities for these stars. 


The present investigation is based upon the variable stars listed 
in the “Katalog und Ephemeriden verinderlicher Sterne fiir 1926,” 
having periods between one and eighty days, which are not 
known to be eclipsing binaries. The number of these stars is one 
hundred sixty-three; twenty-one additional stars having Cepheid 
characteristics are of unknown period. Three groups have been 
formed according to period as follows: 


Group Period in Days Stars 
Wotan piste rete e sistant sic isr sare, a otiaie 1-6 46 
De ee cr mee els rnckts soc ie als seuss 6-12 51 
iO ee ey ere ee 12-80 66 


The definition of a Cepheid is rather vague, especially for stars 
of unknown spectrum. Constancy of period is not a reliable criterion, 
since variation in the period is not uncommon for true Cepheids and 
may amount, as in the case of ¢ Geminorum,? to 10 per cent of the 

t Fellow of The International Education Board. 

2 Vierteljahrsschrift der Astronomischen Gesellschaft, 60, 228, 1925. 

3 See W. Rabe, Astronomische Nachrichten, 219, 129, 1923. 
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period. On the other hand, as observations accumulate, many stars 
will be found to have varying periods. 

Although the spectral types have not always been given in 
the “Katalog,” it is possible to make a rough division into spec- 
tral classes for the stars concerned: 


Group as | Goloe | M1 Be) Nba 
1 Ie Petar epee a 18 16 2 I T. | | senateknes ae) 
HS Ge rae ete ef I5 nity, 3 Tia cco artes eters 13 
ET fae pe mareecinners 7 25 9 8 2) I I4 


The rule that longer periods are correlated with more advanced 
spectral types seems to be confirmed by the frequencies of group ITI, 
as compared with those of groups I and II; but whereas the bulk of 
the stars in groups I and II are probably Cepheids, this is not cer- 
tainly true for group III. The relative number of K and M stars in 
this group is larger than in the preceding groups, as is to be expected; 
but the group may include some Md variables, which are usually 
treated as a separate class, for it is difficult to decide where the 
longer-period Cepheids end and the class of long-period variables 
begins. For the present I have excluded all stars of known spectral 
type later than K and, moreover, the stars of group III of unknown 
spectral type. Two additional stars have also been excluded, viz., 
RU Doradus, which probably belongs to the Magellanic Cloud, and 
RX Camelopardalis, since the elements, P = 7.908, M—m=5.57, give 
rise to doubt. The remaining stars for the three groups are forty- 
four, forty-eight, and forty-one in number, respectively. 

The distribution in galactic longitude is given in Table I. 

The mean of the galactic latitudes without regard to sign and the 
algebraical mean latitudes are also entered in the table. The differ- 
ence in number for different galactic longitudes is for the most part 
spurious. The lack of Cepheids in longitudes 180° to 240°, or more 
accurately between the limits 173° and 230°, may, however, be real 
in part, since a considerable number of long-period and eclipsing 
variables are known in this region. The number of Cepheids found 
in different galactic longitudes is influenced by the study of special 
regions, but no such selective effect is to be expected in the distribu- 
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tion of periods among the different longitudes. Table I shows, how- 
ever, that the number of stars of group I in the region 300° to 30° is 
very small as compared with those of groups IT and ITI, the numbers 
being two, twenty, and twelve, respectively. It seems worth while, 
therefore, to investigate the distribution of periods more in detail. 

The numbers of stars having different values of log P (P= period 
in days) have been entered, in Table II for three intervals of galactic 
longitude, viz., 30°-150°, 150°—-270°, and 270°-30°. Similar data for 


TABLE I 


DISTRIBUTION OF CEPHEIDS IN GALACTIC CO-ORDINATES 


Grovpr I Grovp II Grovp III 

Gat. Loxc.. | -——— - A JS - AOS ee 
No. | Lat.* | Lat.t | No. | Lat* | Lat.¢ | No. | Lat | Lat.t : 
O= 30°.. ford Ry otha eteeatc is 9° —4° 5 10° —7°| to 
30- 60.. 2 6° == ial ia a: 6 +1 iS 6 o} 10 
60-90.. 8 4 +4 3 I —I I 2 —2 12 
OO =T201.5 6 8 +4 S 2 —2 g ° 12 
I20-I50 .. 2 II —II 3 I +1 3 1o§ | —ro§| 8 
150-180 .. 4 ue —6 4 I2 +12 4 2 fe) I2 
180-210 .. co\ | tee arene hae aa Soom ecco race I ° ° I 
210-240 .. I & —3 Ola Race ios lorstecorere I I +1 2 
240-270 ..| I5 2 ° 7 4 —T Io 4 +1 32 
270-300) .. 4 6 =4 5 I4 —TI I 58 +58 Io 
300 —330".. royal | einige emcee 4 bie) —§ I 4 —4 5 
330 —360 .. 2 4 —4] 11 6t| —6t] 6 6 +5] 19 


* Mean latitude without regard to sign. 
t Algebraic mean latitude. 

} Excluding RY Bodtis, lat. +62°. 

§ Excluding RS Ceti, lat. —52°. 


the Small Magellanic Cloud, taken from Harvard Circular, No. 280, 
have been added for comparison. 

The quantities 2§ and D4, indicating the limits of log P below 
which lie $ and $, respectively, of the stars, have been determined 
graphically from smoothed, integrated frequency-curves. The mean 
errors of the median values, 23, have been computed from the dis- 
persion+ (23—2%). The results are in Table III. 

The data of Table II are graphically represented in Figure 1, 
curves I-IV, the points representing means of three successive 
values. The maximum frequency from these plots is entered in the 
last column of Table III. As was to be expected from the data in 
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TABLE II 


FREQUENCIES oF LoG P IN DIFFERENT LONGITUDES 
eee ee ee eS 
EE ————————————— —————————————— 

Gatactic LONGITUDE 
Loc P SSS hs ne ee | ALL Mac. Croup 
30°-150° I50°-270° 270°-30° 
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TABLE III 
Maximum FREQUENCY AND MEAN ERROR 


Gal. Long. zt n Mean Error Kemee 
BORER Oe i ane ane es 0.58 43 +0.03 0.70 
TSO=27O cee cjuemiere ee 255 47 .03 .70 
BIOS 80 cdc lors os Sate See -74 43 .03 85 
Macs Cloud ances 0. 38 103 +0.02 0.65 
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Table II, this is less than the median value, except in the case of 
the Small Magellanic Cloud. In the cloud a number of short-period 
stars produce a secondary maximum near P=2, but in the 


| ma V 
iS sl ald Ss 
I W 
| le 
I VO} 
IV Vil 
0.0 0.5 I.0 as 0.0 0.5 I.0 1.5 log P 


Fic. 1.—Frequency curves for galactic Cepheids 


I. Gal. long. 30°-150° V. Gal. long. 30°-r110° 
II. Gal. long. 150 -270 VI. Gal. long. 110 -180 
III. Gal. long. 270 — 30 VII. Gal. long. 180 -300 
IV. Small Magellanic Cloud VIII. Gal. long. 300 - 30 


For curve IV the scale of ordinates is one-half that of the other curves. 


galaxy only a few Cepheids having these periods are known (such 
as SU and TU Cassiopeiae). In order to show still better the de- 
pendence of the frequency-curve on galactic longitude, the curves for 
somewhat narrower limits of longitude are given in Figure 1, curves 
V-VIII. The corresponding numerical data are in Table IV. 
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Sharp maxima are shown in Figure 1, V, VI, and VIII; for 
curve VI the number of stars is rather small as compared with the 


TABLE IV 
Curve Gal. Long. Aacee Te. Am ars eee No. of Stars 
5 aa A aes 30°-1I0° 0.70 0.0 8.8 —0:6 38 
WAR a ae Tro0-180 ( .60) + .35 8.3 + .25 21 
VAMC gn aie 180-300 .70 =O 8.2 sc 45 
A BB SEM ats eee. 300- 30 0. 84 —0.49 8.2 —0.5 34 


dispersion; but there is a suggestion of a maximum for a period 
shorter than for the other regions. 

The period for maximum frequency is decidedly longer in the 
Sagittarius-Aquila region than in other parts of the galaxy, and 
shows a possible minimum near the opposite part of the sky (Fig. 
1, curve VI). 
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Fic. 2.—Apparent magnitudes of galactic Cepheids plotted against the logarithms 
of their periods. Crosses indicate median values of m’ for equal intervals in log P. 


Let us compare the apparent magnitudes of Cepheids with the 
logarithms of their periods. The magnitudes used are the means 
of the maximum and minimum values given in the “Katalog.” 
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A constant color correction of —o.8 has been applied to photo- 
graphic magnitudes. Since the periods, and presumably the absolute 
magnitudes, differ in different galactic longitudes, it is desirable to 
correct the apparent magnitudes for systematic differences in log P. 
The corrections used, which are given in the fourth column of Table 
IV, are based on the assumption that o.1 in log P corresponds to 
—0.35 magnitude. The median apparent magnitudes given in the 
fifth column of the table are, moreover, to be reduced to a constant 
value, namely, 8.2. The total corrections finally applied to the ap- 
parent magnitudes are given in the sixth column. 


TABLE V 


MEDIAN MAGNITUDES AND PROPER MOTIONS 


log P Med. m’ Mean Error No. Med. p.m. No. 
LEXS) CAN). ns Oe RC Tee 7.6 +0.6 6 o”022 3 
Oey On O se aaicthe cee boty WEA, ar 8 .026 5 
Co) eR hohe CR RCE TRC g.I a 17 .028 4 
POM eam ori eras Seo! Sih avs aH +3 ou . O19 6 
eliicimolle utter cen arn one nee 352 ae 20 .OI5 Io 
OMe EO MEG sealer a 9..5 6.9 <4 II .013 6 
Ome es isveieuess & nie3 4. 8.9 .4 rr . 031 3 
DeLee Sues eyoreie Sst es ene ees 8:7 .4 Io .OIS I 
TOA Cantey © cis dieinidinie S90 8.5 0.4 Ir . O21 4 
SBS La tashsy ois ahevoiees, sit. a sere 8.0 I.0 2 .O31 2 
Ram erie cr as Secs vcs a5, 08 8.4 +0.3 16 0.025 9 


The effect of these corrections, which is a reduction of the four 
galactic regions to the same median distance, is very small. They 
have been applied, however, in order to make it clear that systematic 
. differences in the most frequent period and in the median apparent 
magnitude for the different galactic regions cannot be the origin of 
any possible correlation that may be found. The corrected magni- 
tudes, m’, plotted against log P, give the scatter diagram reproduced 
in Figure 2. The median value of m’ for all periods together is 8.5 
with a dispersion of +1.4. 

Two things are at once evident: (1) the dispersion in m’ is larger 
for stars having periods less than ten days (+1.8+0.2, m.e.) than 
for those with periods greater than ten days (+0.95+0.14, m.e.); (2) 
there is a lack of stars having log P between 0.9 and 1.0 and magni- 
tudes between the limits 8.5+1.4. The significance of this is more 
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clearly seen when we consider the median values of m’ for successive 
intervals of log P, which are indicated by crosses. The median values 
and their mean errors, computed from the dispersion in m’ for all 
stars together, are entered in Table V. 

The difference in the median m’ for the stars with log P equal to 
0.95 and 1.05, respectively, is 2.0+0.6 (m.e.). This difference in the 
median values for two groups of eleven stars each is remarkably large 
as compared with the dispersion of the individual magnitudes, viz., 
+1.4. The discrepant value 6.9 is, however, supported more or less 
by a gradual decrease of the three preceding values. The reality of 
this gradual decrease and the sudden increase of two magnitudes 
near log P=1.0 can hardly be determined from the present material. 
For a combination in larger intervals of log P, we find the following 
median values of m’: 


log P Median m’ No. 
OlG-On8 Gece y asec anaes 8.9 38 
OF er le Oc ien aacman sine eG 31 
TA OmT oe mialiaac cai oe ee 8.7 21 


These show again that the median apparent magnitude for stars 
having log P in the interval 0.8 to 1.0 is systematically bright. 

If the irregularity is not simply a result of selection in the data, 
it might be attributed (1) to peculiarities in the correlation of 
luminosity with period; (2) to irregularities in the density distribu- 
tion of the stars. The latter would reveal itself through systematic 
differences in the median distances. Since some correlation between 
absolute and apparent magnitude is to be expected, the existence of 
a period-luminosity relation would imply a correlation between 
apparent magnitude and period. If A(p) and ®(M) represent the 
density and luminosity functions, respectively, the number of stars 
having apparent magnitudes between m and m+dm, and absolute 
magnitudes between M and M+dM, will be 


N(m)dm =" dM%(M)A(p)p'dp , (1) 
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where 
M=m-—5 log p. 


As an illustration, assume 


A(p) = elt Rog p)+Hlog 0)? | (2) 
Since 
p?*dp= aes™—M) dm ; a= 1/Mod., 


(1) has the form 
N(m)dm= = @(M)dMert6™+v dm . 


Since &(/) is independent of m, the apparent magnitude for stars 
in the interval M to M+dM has the mean value 


B_ _3a+0.2k 


a a 0.08) 


+M , (3) 

which does not depend on the luminosity function, and, aside from 

M, involves only the constants k and / of the density function. 
For a linear period-luminosity relation 


M=A-+B log P, (4) 


we shall have a linear correlation between m and log P, provided 
the assumption (2) for the density law is justified. Something of the 
sort seems to apply in the case of stars having log P<1.o. It is to 
be remarked, however, that 77 is extremely sensitive to small changes 
in the density law, for / is a small quantity, while the numerator of 
the first term in (3) is not small. The discontinuity in m near 
log P=1.0 might therefore be ascribed to a difference in the den- 
sity distribution of the stars having long and short periods. On the 
other hand, any deviation from the period-luminosity relation (4) 
would disturb the correlation of m with log P. 

The second alternative, which would require greater distances 
for stars having log P >1.0, makes it desirable to examine the known 
proper motions. This has already been done by R. E. Wilson,’ who 


t Astronomical Journal, 35, 36, 1923. 
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found a continuous decrease in the parallactic motions of stars hav- 
ing periods up to forty days. He also found, however, that the 
r-components increase for stars having P >9 days, and that the total 
proper motions for the stars of longer period are also systematically 
largé; which is just the opposite of what is to be expected on the 
basis of the second alternative above. 

Values of the median y for the intervals of log P used here and 
the numbers of stars are given in the last two columns of Table V 
and illustrated in Figure 3. RY Bodétis and W Virginis, having 
galactic latitudes +62° and +57°, respectively, have been omitted, 
and also the stars in Wilson’s list having the low weight 0.2. The 


0.2 — onlsi Yoyecy  akfos  nagf” auf) a 1.8 — 


Fic. 3.—Proper motion plotted against log P for galactic Cepheids 


omission of RY Bodtis is justified on account of its spectrum, which 
does not show the Cepheid characteristics. The Cepheid character 
of W Virginis seems, however, to be well established, which disproves 
the rule that no Cepheids occur outside the galactic plane. The star 
has been omitted from the discussion because of its high velocity. 
On the other hand, stars having P > 40 days are included in Table 
V. The median values for the fifty-three stars and the dispersion 
have been determined in the usual way: 23 =median value=o"o21; 
+3(2§—2§) =dispersion = + 3(0%033 —o"010) = to”o1rrs. The me- 
dian values show a decrease from log P=o.6 to 1.0, followed by a 
sudden increase near P=10 days, after which they are sensibly 
constant. In this respect their behavior is very similar to that of 
the apparent magnitudes m’. The mean differences between succes- 
sive median values of wu are small with respect to their mean errors. 
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It is therefore advisable to combine the proper motions for larger 
intervals of log P than those used in Table V. Thus, for three groups 
we have 


log P Median pu Corrected pz No. 
<i Sed nee as ET Ree ees 0%025 0”024 18 
Os oT ROM aay chien sin) ais gs .O15 .O14 16 
Bom: Ov ncaotead Gpgaeere ans) Sip) Sum» 0.024 0.020 sme) 


Since the motions of these stars as a class are small, their median 
values are appreciably affected by the systematic increase in the 
total proper motion arising from the effect of accidental error. Al- 
lowance, on the basis of the indicated probable errors, has been made 
for this in the “‘corrected”’ values. 

The result is essentially the same as that found by Wilson. It 
should be remarked, however, that Wilson has shown the existence 
of a marked correlation between the size of the proper motion and 
its probable error. Since the indicated uncertainty for the third 
group is about twice that for the first two groups, this very suspicious 
circumstance may account for the unexpectedly large median for the 
long-period Cepheids. 

The first attempt to determine the mean absolute magnitude for 
Cepheids was made by Hertzsprung’ as early as 1906. He found 
from Auwers’ proper motions for 6 Cephei, ¢ Geminorum, and 7 
Aquilae the mean absolute magnitude —2.4. After the appearance 
of Boss’s Catalogue he extended his material to thirteen stars, for 
which practically the same value was found (—2.3; sun’s velocity, 
20 km/sec.). Wilson has extended this material to forty-one stars, 
for which he finds a mean parallactic motion of o%0142. Taking 
again the solar velocity of 20 km/sec., we find the mean absolute 
magnitude —1.0, which is surprisingly low. Meantime, the material 
for radial velocities has also increased. The thirteen Boss stars give a 
normal solar velocity of about 20 km/sec. in the direction of the gen- 
eral apex.? Recently Stromberg? derived a solarmotion of 12.3 km/sec. 

t Zeitschrift fiir wissenschaftliche Photographie, 5, 94, 1907. 


2 The writer made a solution according to Bravais’ method some years ago which 
has not been published. 


3 Mt. Wilson Contr., No. 293; Astrophysical Journal, 61, 363, 1925. 
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for Cepheids having periods longer than two days, which would 
raise the mean absolute magnitude from Wilson’s parallactic motion 
to +o.1. The tendency of additional material, both for proper mo- 
tion and radial velocity, to increase the absolute magnitude makes 
it worth while to treat the non-Boss stars separately. A graphical 
solution has been made for the parallactic motion of the non-Boss 
Cepheids having periods longer than one day, whereby v/sin \ was 
plotted against the weights, both quantities being taken from Wil- 
son’s paper. A solution for the sun’s velocity in the galactic plane 
has also been made, based on the same material as used by Strém- 
berg. The results for the assumed apex, galactic longitude 23°, lati- 
tude + 22°, are as follows: 


Non-Boss Stars ; Boss Stars 
4=g=+0%0095 +070048 (m.e.) 23=q=+0%013 +0%0052 
Li=—ol01s 2g = — 07003 
Zi=+0!%029 Di=+0%025 
Weight, 20.6 Weight, 8.3 
V*=+6+2 km/sec. V=+16+2 km/sec. 
Weight, 13.4 (28 stars) Weight, 6.4 (13 stars) 
M=+1.3+1.6 M=—2.5+0.8 


* Solar velocity in galactic plane. 


A factor o.9 has been applied to the parallactic motions in order to 
reduce them to the galactic plane. Moreover, the present rather 
meager material for non-Boss stars shows a decrease of solar velocity 
with increasing period which counterbalances the decrease of paral- 
lactic motion as found by Wilson: 


Non-Boss STars 


Period V Weight | No. Stars Paral. Motion Weight | No. Stars 
TR Aah Oe Fe eee +23 1.9 & +o"%020+.005 350 6 
ATO rated eateries 9 4.7 II OLS OOS LON 18 
DEO tants +1 On7 I2 0, 007-007 7.0 19 


These results would indicate that the solar motion for the stars hav- 
ing periods longer than ten days is probably not in the direction 
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assumed. From a plot of the radial velocities it seems hopeless, how- 
ever, to find any other direction. 

A rough solution from the proper motions has been made, in 
which, for convenience, the stars have been assumed to be exactly 
in the galactic plane. Since the galactic latitudes are small, this will 
not materially affect the results. Components of the proper motion in 
the galactic plane, pu sin x, and at right angles toit, u cos x, directed 
to the north galactic pole, have been computed with the aid of 
tables which Mr. Strémberg kindly put at my disposal. In order to 
include a possible rotation effect, a term W was introduced so that 
the equations of condition are of the form 


“x cosA+ysinA+W=unz sin x. 


The results indicate a rotation effect of —0%0075+ 0.0032 (m.e.)* in 
the direction of Charlier’s? rotation and about twice as large. A 
rotation of this order of magnitude is not a priori improbable, and 
might at least partly account for the existence of the proper motions. 
The parallactic motion in the galactic plane is 070054 .0038 (m.e.), 
but does not justify any conclusion since the solar velocity in the 
same direction is inappreciable. From inspection, I found that the 
rotational effect is also indicated by stars having periods from about 
six to ten days, whereas for shorter periods there is no such indica- 
tion. Repeating the foregoing calculation for all the non-Boss stars 
having periods longer than six days, which have been combined into 
seven groups, I find 


x= —0%0068 +0%0026 (m.e.) 
y= —0.0046 +0"0032 


W = —0.0076+0'0022 


The equations for the components p cos x are 


“cos A+v sin A+2=yp cosx, 


t The mean error has been computed here on the assumption of a mean error of 
o”oro in the p.m. having unit weight in Wilson’s table. 


2 Meddelanden frén Lunds Astronomiska Observatorium, Serie II, No. 9, 1913. 
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which give 
u= —0"0034+0"%0026 (m.e.) 
V= —0.0020 + 0.0032 
Z2=—0.0088+0.0022 


where g is the component of parallactic motion toward the north 
galactic pole, and « and the rotations about two axes in the galactic 
plane. The latter are insignificant, whereas z is well above its mean 
error. When the apex is assumed to be in longitude 23°, the paral- 
lactic motion in the galactic plane and the rotational effect are 


p= 00000; weight, 9.9 
W = —0"%0086; weight, 22.2 


Assuming that the peculiar motions can be represented by usin x +W 
and uw cos x+z, we find symmetrical frequency-curves for both 
components. For the combined frequency the observed dispersion 
is to’ors and the corrected dispersion +o’o11. The observed dis- 
persion of the radial velocities for stars having the same periods 
(viz., > 6 days) is +16 km/sec. If we consider that part of the 
velocities rest on only a few observations, the mean error of a radial 
velocity will certainly not be overestimated by putting it +8 km/sec. 
In this case the corrected dispersion is +14 km/sec., from which the 
mean parallax is 4.74 Xo"011/14=0%0037, and the absolute magni- 
tude 0.0. 

Since, normally, the component of parallactic motion in the 
galactic plane is about three times that perpendicular to the plane, 
these results indicate either the existence of serious. systematic errors 
in the proper motions or a systematic stream motion affecting the 
non-Boss stars having P>6 days. The lack of uniformity in the 
distribution of the periods in longitude shown by the data in Tables 
I-IV and the curves in Figure 1 point toward a clustering of Ceph- 
eids, which would carry with it a tendency toward stream motion 
affecting individual groups. Until this question is settled, nothing 
positive can be affirmed as to the systematically low value found 
for the absolute magnitudes of these stars. 

In connection with the first alternative on page 8, it is of inter- 
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est to recall that the spectroscopic absolute magnitudes of Cepheids," 
which were derived by the criteria for stars of constant light and a 
mean spectrum corresponding to that of the Cepheids, do not show 
the range in luminosity to be expected on the basis of period- 
luminosity relation. A plot of the published data, together with 
magnitudes for six additional stars, kindly placed at my disposal by 
Mr. Adams and Mr. Joy, is shown in Figure 4, where the points 
represent individual stars. The plot shows an increase in brightness 
with log P from about 0.6 to 1.0. The median absolute magnitude 
of stars having periods longer than ten days is —1.5; for stars in the 
particular interval 0.8 to 1.0 it is —2.4;? in the interval 0.6 to 0.8, 


Fic. 4.—Spectroscopic absolute magnitudes of Cepheid variables. Open circles 
denote the median values of m’ from Fig. 2. 


—1.9; and for log P less than 0.6 it is —1.4. The circles in Figure 4 
show the median values of m’ taken from Figure 2; m’=8.o has 
arbitrarily been made to coincide with —2.3 on the scale of the 
spectroscopic absolute magnitudes. 

Although the material is scanty, it may be stated that a few 
special measurements on spectral lines with the microphotometer 
indicate a maximum in the intensity ratio of critical pairs of lines 
for a period of about ten days, followed by a drop in the ratio for 
stars having longer periods. The results are in Table VI. The tabu- 
lated quantity is the ratio of the intensity of an enhanced line to 
that of a neutral line. Settings were made at intervals of o.or mm 
on spectrograms having a dispersion of 36 A at Hy. The results have 
been plotted, and from these plots the intensities of the lines have 
been obtained. 

t Adams, Joy, Strémberg, and Burwell, Mt. Wilson Contr., No. 199; Astrophysical 
Journal, 53, 13, 1921. 

2 Including ¢ Geminorum; period, 10.15+1.05 days. 
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Although these results suggest an irregularity in the absolute 
magnitudes at a point corresponding to P = 10 days, it must be noted 
that the spectroscopic criteria used for the limited material published 
do not allow for differences in spectral type, which, in the case of 
the Cepheids, increases with P. This matter, which seems important, 
is under investigation by Mr. Adams and Mr. Joy. 

The decrease of absolute magnitude for stars having periods from 
a little less than four days to about ten days is, curiously enough, 


TABLE VI 


Ratio oF INTENSITY OF ENHANCED TO NEUTRAL LINES FOR STARS OF 
DIFFERENT PERIODS 


star | Phase | eviod | 3355 | fas6_|_fose [Bach Plate two Pats 
oe dee meric eo 
BE Aiasel-../~-Nim |...) a5.j] cor a7 |e 
S Sagitiae..2---+--HMtme |. '.| nge | o8y | nao beeen) 
f Gents, MEE] e.t5 | Ge | sere) ae aaa 
2 Cypie-o- femal ae Pek lpia ser ap | 
T Monocerotis. .... yoee| poe ee ee aie meth 1.16 


also shown by the early-type binaries. Adams and Joy have pointed 
out that the Harvard spectral classification affords a basis for the 
determination of absolute magnitudes for stars of early type. The 
absolute magnitudes for sixteen binaries having spectral types Bo 
to B3 on the Harvard scale, and for which periods are known, have 
been taken from the paper cited. Mr. Adams kindly permitted me 
to use the unpublished results for thirteen more stars, spectrograms 
of which have been taken mainly by Mr. Milton Humason. The 
material used thus consists of twenty-nine stars, of which twenty- 
four have periods longer than one day. The five remaining stars 
have periods between 3.16 and 0.26 days, and their ranges are 
exceedingly small. The absolute magnitudes are plotted in Figure 5 


* Mt. Wilson Contr., No. 262; Astrophysical Journal, 57, 294, 1923. 
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against log P. This diagram shows a decrease in the mean M with 
increasing period from log P=o.6 to somewhat more than r.o. Still 
longer periods correspond to fainter magnitudes, and for periods 
greater than about twelve days the mean M seems no longer to vary 
with the period. The mean values of M are given in Table VII. 


—I.0 —0.5 0.0 0.5 I.0 vials 2.0 2.5 log P 

Fic. 5.—Spectroscopic absolute magnitude for spectroscopic binaries of types 
Bo-B3 plotted against logarithm of period. 

A few remarks may be added regarding the five stars having 
periods of about a fifth of a day. Several investigators have con- 
sidered stars of this type to be pulsating stars rather than binaries, 
and, as Henroteau’ has pointed out, there is an accumulation of 

TABLE VII 


PERIODS AND ABSOLUTE MAGNITUDES OF 
SPECTROSCOPIC BINARIES 


log P Mean M No Stars 

SONY tn Pen rage terete set oh 2700 5 
See ico oo aoe 0.90 3 
HOO isis a's soles nae zero 5 
SOO eavna cre ieGeas, eisyavnrs 2.00 4 
TROO me okie ee asi 2a52 5 
Tp Beene arsine rs, wom a 0. 78 4 
HEY: Lian, SSO AION —o. 87 3 


evidence requiring the consideration of these stars as Cepheids. If 

so, they can scarcely fit the period-luminosity law, because of their 

high luminosity. The proper motions are rather small, even for B 

stars, and the mean reduced magnitude H=M-+5 log wu is equal to 

—6.74. Putting H = —6.74=—0.4+5 log T—8.38, where T is the 
t Publications of the Dominion Observatory, 9, 1, 1925. 
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linear tangential velocity and —o.4 the adopted absolute magnitude, 
we find T= 2.5 km/sec., which is an improbably low value, although 
the mean radial velocity, without regard to sign, is not very large, 
viz., 15 km/sec. 

As they stand, the data from various sources—median apparent 
magnitudes, proper motions, radial velocities, and spectroscopic 
absolute magnitudes—appear to indicate a discontinuity or irregu- 
larity in the various characteristics corresponding to a period of 
about ten days. Were the data themselves above suspicion, we 
should be tempted to say that the galactic Cepheids are composed 
of two classes. But in no case is the evidence convincing. It is not 
certain that the apparent magnitudes form a representative collec- 
tion; the proper motions may be affected by systematic error, and 
those of the questionable stars of long period are relatively uncertain, 
perhaps to a much greater degree than indicated by the calculated 
probable errors; the radial velocities are too few in number to give 
a trustworthy value of the all-important solar motion; and, finally, 
it is probable that the usual spectral criteria for luminosity do not 
apply to Cepheids unless differences in spectral type are taken into 
consideration. 

Some of these difficulties may be associated with the more posi- 
tive results of the discussion, namely, the lack of Cepheids having 
short periods in the Sagittarius-Aquila region and the evidence of 
peculiarities in the radial velocities, both of which indicate a lack 
of homogeneity that is perhaps to be explained by a clustering of 
stars into groups affected by stream motion. Until these questions 
have been cleared up it is evidently premature to assert dogmatically 
that the present assumptions concerning the absolute magnitudes 
of the Cepheids are either right or wrong. Perhaps the most impor- 
tant result, however, is the indication brought out by the discus- 
sion of the urgent necessity for additional data on both proper 
motions and radial velocities. 


I wish to express my indebtedness to Mr. Seares for the develop- 
ment of the relation between mean apparent magnitude, density, 
and absolute magnitude given on page 9. 


Movunt WItson OBSERVATORY 
June 1926 
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TWO NEW VARIABLE STARS OF THE TYPE 
OF W URSAE MAJORIS 


By J. SCHILT 


ABSTRACT 


Two new variables like W Ursae Majoris—The variability of 447 Bodtis (fainter 
component) = Boss 3846=2 1909 (ft.), and of B.D.+75°752=Cin. 4000, has been 
investigated on account of peculiarities in their spectra. The variability of both stars is 
demonstrated. The periods of revolution (i.e., the double light-period) are of the order 
of 043, and the light-curves very much resemble that of W Ursae Majoris. The range 
of magnitude is about o.7 for 447 Bodtis and 0.35 for B.D.+75°752. 447 Bodtis is of 
special interest because it is a component of a visual binary of well-marked orbital motion 
and of large parallax. Both stars have large proper motions. 


447 BOOTIS (FAINTER COMPONENT) 
15> o™ 29°, +48° 2’ 34” (1900), Harvard Visual Magnitude 6.1 


This star is the fainter component of the well-known binary 
= 1909. The two components show a well-marked binary motion. 
The companion reached apastron about 1870 at a distance of 5’’ from 
the brighter star. Since then the distance has decreased with an 
accelerating rate and amounts at present to about 3’, so that it is 
still just possible to get separate images with a long-focus instrument 
for the purpose of photographic photometry. Measurements by 
Hertzsprung’ of four plates taken in the years 1915-1916 show differ- 
ences which at the time were not regarded as real. The present ob- 
servations were suggested by the resemblance of the spectrum to that 
of W Ursae Majoris.? The 60-inch telescope has been used with the 
Cassegrain (80 ft.) focus, for which the distance between the compo- 
nents on the plates is 0.36 mm. The plates used were Eastman 33. 

About one hundred exposures of 5 and ro seconds, alternately, 
were usually made on each plate. The total number of plates is 
thirty. The images have been measured with a thermopile photome- 


t Publikationen des Astrophysikalischen Observatoriums zu Potsdam, 24, Stiick 2, 32, 
1920. 

2 Adams, Joy, Strémberg, and Burwell, Mt. Wilson Contr., No. 199; Astrophysical 
Journal, 53, 94, 1921. Estimated spectrum Gzp; measured, G4. Lines described as 
very poor, resembling those of W Ursae Majoris. 
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TABLE I 


OBSERVATIONS OF 447 Boots 


Pinte No, | Astpunmical|No Image) TDien | PRS! | am | Olle 
1926 2424000-+ 
DO MLOLe sees April 18 23 642.7996 0.013 0.61 p 
SSa022. os April 18 16 8948 . 369 1.03 f 
23 . 8981 . 381 I.00 
SOmOstre ts April 18 14 -9310 -437 0.80 f 
13 -Q152 -445 -75 
22 9179 455 76 
SSaO4s ces April 18 ai .94i0 541 355) 
33 9452 557 .60 
SS1685 cc as April 19 22 625.7158 3-435 05 
’ 13 - 7190 -447 .87 
CREAT ly 5. mice: April 19 20 . 8916 4.091 .80 p 
21 .8946 . 102 .80 
2I .8977 114 75 
18 . 9009 4126 70 
SSO 2a eee May 7 25 643.7495 70.784 95 f 
22 7532 .798 0.99 
24 7572 812 I.04 
22 . 7008 . 826 TES 
S034 asso May 10 24 646.6754 81.711 0.85 f 
14 .6796 .726 84 
20 .6827 Aleks: 0.97 
SOuIOAm ites May to 24 6988 798 1.18 f 
26 . 7034 .815 Teo 
28 ay key As . 831 1.38 
18 Ayia .845 1.25 
25 . 7141 .855 Tos 
SI Samer May to 22 7258 899 1.07 f 
30 .7293 1Onz 0.98 
25 - 7370 943 87 
24 . 7411 -956 . 86 
SS LOU rata May 10 27 7584 82.021 75 f 
34 . 7625 .036 -73 
29 7674 054 72 
26 VES .078 aps 
EEO forte May 10 27 7930 .150 85 p-f 
30 . 8006 .178 .9o 
32 . 8068 2202 .96 
28 . 8131 .225 0.98 
SILOS aielginie = May to 30 . 8311 292 I.19 g 
26 . 8608 -403 0.98 
27 . 8663 424 1O2 
27 .8705 -439 .88 
SS TOO meee May 10 25 . 8864 -499 .78 g 
a7, ee . 514 ae 
23 .8955 : ; 
S200.) sen May 10 28 .QIOI 38 ee f 
30 -9156 .608 oa 
24 -9239 .639 .86 
24 .9288 .657 0.80 


* Phase is expressed as a fraction of the period. 
T p=poor; f=fair; g=good. 
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TABLE I—Continued 


Baer ees Dae | PEAS? | ae [one 
1926 2424000-+- 

SSivore ss... May 10 32 646.9455 82.720 1.00 f 
27 -9517 743 0.99 
29 -9579 . 766 I.07 
20 .9627 . 784 1.34 

Siew fen omer May 10 26 . 9800 . 848 1.19 p 
21 .9869 .874 1.06 
26 .QQII .890 1.04 
22 -9952 .905 0.96 

SSe40n wie June 11 28 678.6665 201.185 .80 f 
26 .6702 - 199 81 
25 .6737 Wee 87 

SISO Taree June 11 24 . 7662 .558 77 f 
20 . 7709 575 
18 .7750 -593 .82 
27 -7795 .607 +75 

SO2A 9s. June 11 25 -7954 .667 ul f 
29 . 8032 .696 .87 
30 .8078 Ay pe .87 
26 .8120 .729 0.87 

ISS12AS ares: June 11 30 8271 785 1.10 f-p 
24 . 8334 . 809 1.19 
24 .8376 .824 125 
24 . 8411 .837 Ixey 

DS. CAAwa oe a June 11 QT 8684 939 0.84 f-p 
28 .8752 .905 .89 
24 . 8829 -994 .85 
26 . 8862 202.006 .83 

SSA Ss wel sie June 11 a5 .8993 .055 80 f 
25 .9055 .078 .80 
25 . 9103 .096 hi 
22 -9136 . 108 .76 

ORCA GN sore June 11 29 .9279 .162 .78 p-f 
24 .9318 2270 .80 
25 9374 -197 84 
23 .9428 217 .87 

SS eed ee lacies June 11 23 -9555 205 0.98 p-f 
24 -9590 .278 1.02 
ai .9621 . 289 TiO 
age) .9642 -297 I.09 

SS ose July o 23 706.6682 305.761 I.05 f-p 
25 6725 TAT, 1.04 
20 .6756 . 788 I.19 
23 .6786 . 800 Teal7; 

Seer ieeage July o 15 6843 .821 I.40 f 
21 .6868 .830 I.25 
15 . 6892 .839 ees 5 

SS0Gs 2. <a. July o 21 -7799 306.178 Ons g 
26 . 7836 .192 .80 
24 . 7884 .210 85 
24 - 7932 .228 0.85 


* Phase is expressed as a fraction of the period. 
¢ p=poor; f=fair; g=good. 
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TABLE I—Continued 


— 


Pinte No, [AsmomomicallNo-Taage] JDicg, | Sumas | ms | Onalerh 
1926 2424000-+ 

SS2o0 ances: July 9 26 706.8121 306.208 1.08 f 
22 . 8160 Pons 1.07 
24 .8203 -320 el, 
23 . 8237 -342 Tikes 15 

SS 2o7saeer July 9 24 . 8321 373 1.18 g 
2 . 8380 -395 Teds 
25 . 84.26 p402 i AR) 
24 .8467 .428 1.05 

S205 ata July 9 18 8547 .457 0.92 g 
18 .8575 .468 94. 
22 . 8605 -479 .92 
23 . 8640 .492 0.87 


* Phase is expressed as a fraction of the period. 
t p=poor; f=fair; g=good. 


ter, an occasional image being rejected because of poor quality. The 
readings for successive exposures of the same duration were com- 
bined into means of from two to five groups for each plate. The 
difference in brightness of the two components of the binary was 
then computed for each group from 


= (frot-fs) = (bro+5;) 
(fro—fs) + (br0— bs) 


where bg, bro, fs, and fr are the mean readings for the 5- and 1o-second 
exposures on the bright and faint images, respectively, and where it 
is assumed that the difference between the images of a 5- and 1o- 
second exposure is equivalent to 0.75 mag. The results are given 
in Table I. The corresponding epochs of observation are in J.D. 
Heliocentric G.M.T., and refer to the mean of the beginning of the 
first and the end of the last exposure of each group. 

The period of revolution, derived by least squares, is 0.267765 + 
0.000012 day. The corresponding epoch numbers and phases given 
in Table I have been counted from an arbitrary zero. The phases 
are expressed in fractions of the period. The individual observations 
are plotted in Figure 1. Combining them into groups of five in order 
of phase, we obtain the normal points given in Table II. These are 
indicated by the crosses in Figure 1 which are connected by the 
broken line. 


Am On Se 
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The figure shows a number of discordant observations. An at- 
tempt has been made to connect these with the quality of the plates, 
but with only partial success. It is to be expected that the measured 
difference Am between the rather close components will depend on 
the seeing. The seeing was often rather bad and, in consequence, 
the images are frequently large and even tend to overlap. In these 
cases the measured Am is probably too small, since a setting on the 
larger star does not include the whole image, while one on the smaller 


OvGun 10,0) ) O.t Uso) O05 ond Jos YorO" 0.7" “o,8 Phase 
Fic. 1.—447 Bodtis 


star may include a portion of the image of the larger star; further, 
the Eberhard effect may also enter as a possible source of disturb- 
ance. In fact, the three measures giving Am less than 0.68 are all 
from poor plates. 

Considering the difficulty of the object and the poor conditions 
under which part of the plates have been taken, the light-curve is 
satisfactory, and reveals at once a variation of the type of W Ursae 
Majoris. Without laying too much stress on the observed inequality 
in the depth of the minima, the one to the left in the figure may be 
considered as the primary. The primary minimum has been deter- 
mined to be at phase 0. 832P, the secondary at 0.332P. The resulting 
elements are 

Min. Hel. J.D. G.M.T.= 2424646 .976+0. 267765 E. 
+0.002 +0.000012 (m.e.) 
Am at maximum is 0.76; at primary minimum, 1.29; at secondary 


minimum, 1.12. 
269 


6 J. SCHILT 


Remarks.—1. A spectrogram obtained on May 28, 1926, with 
the 18-inch camera at the 60-inch telescope, during predicted time 
of maximum light, gives good indication of double lines, which, how- 
ever, are wide and diffuse. The separation corresponds to about 
350 km/sec. Spectrograms taken during minimum on July 17 and 
18 by Mr. Joy with the ro-inch camera at the 1oo-inch reflector, and 
by the writer with the 7-inch camera at the 60-inch, show the lines 
to be distinctly narrower at the time of eclipse. Mr. Joy states: 
“The lines are quite measurable during minimum. They diminish 
in width during the half-hour preceding minimum.” 


TABLE II 


NorMat Ponts For 447 Boots 


Phase Am Phase Am Phase Am 
opener pesca 1.24 one fe bectiinn opi 0.91 Oz SOOSirants ues 0.78 
OOO A varancan ere 1.02 AOL saree reysvtie I.10 883) eccr ort 0.89 
E20 eng tet 0.86 a SERS atiecsse Tae OUT warokeas oe 0.99 
POD rerits ee 0.73 AGW Ero I.O1 O54 ten art De ez 
79 ko ee eae 0.78 MOOT Sa ea terk 0.89 O76 scree To 
200 sa cccwan ce 0.77 POST ear crraicis 0.88 OL 000! seni 1.29 
AD eich tie a ors 0.81 s OSOtwiaceaals 0.76 
oc .0 Sea eae ae 0.85 On Aare. abana, 0.73 


2. The proper motion for the center of gravity of the visual pair, 
assuming equal masses, is 0”407. The trigonometric parallax is 
0”076, the mean of the Allegheny and Yerkes determinations. 
The star is evidently a dwarf; the spectroscopic absolute magnitude 
is +5.2;' and its apparent magnitude, 6.1, is the brightest known for 
this class of variation. 

3. As a consequence of the motion in the visual orbit, the appar- 
ent period of the variable in all probability cannot be constant. The 
projected distance between the visual components at present is about 
40 astronomical units, and a rough calculation shows that the 
change in period should be perceptible as soon as uniform observa- 
tions cover a period of about ten years. 

4. The observed amplitude corresponds to a range of o.1 mag. 
in the total light of the visual pair, which is perfectly within the 
reach of the photo-electric cell. This perhaps affords the only meth- 

* Mt. Wilson Contr., No. 199, p. 57; Astrophysical Journal, 53, 69, 1921. 
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od by which the variation can be followed when the distance between 
the components becomes very small. 

5. From the range in radial velocity, provisionally adopted as 
350 km/sec., the distance of the components is 1.33 million km; and 
the masses, assumed equal, are m;=m,=0.64©. A rough calcula- 
tion gives for the average radius of the ellipsoidal bodies 0.43 
million km, and a density 2.2 times that of the sun. Since the abso- 
lute magnitude for each component is 6.25, the surface brightness is 
+0.38 mag. (© =o). The value given by Seares for dwarfs of esti- 
mated spectrum G2 is +o0.10 mag.’ The effective temperature T 


TABLE III 


CoMPARISON STARS FOR B.D.+75°752 


STAR B.D. No sett Fah 
Pg Spectrum 
VAS hone OAR +75°765 7.93 K2 8.00 
an Section 74 890 7.47 A3 7.36 
OAR sistas nies 74 889 8.7 G5 8.52 
De Mrecs os 76 809 7.41 F2 7.48 
CO. ere +74 877 8.6 A2 8.83 


by Hertzsprung’s’ formula is 5500°. The star falls almost exactly 
on Eddington’s curve, giving the relation between mass and abso- 
lute magnitude. The ratio of the distance between the eclipsing 
components to the projected distance on the sphere between the 
visual components is 1: 4500. 


B.D.+75°752=CIN. 4000 
20° 38™ 428,+75° 13’ 51” (1900), Harvard Visual Magnitude 8.4, Sp. Gs 


The spectrum of this star has also been classified as resembling 
that of W Ursae Majoris by Mr. Adams, who kindly drew my atten- 
tion to it. 

One hundred and six plates have been obtained with the 
to-inch Cooke refractor of 45-inch focal length. With the excep- 
tion of the first two, which were test plates, they were all secured 


t Mt. Wilson Contr., No. 226, p. 34; Astrophysical Journal, 55, 198, 1922. 
2 Zeitschrift fiir Wissenschaftliche Photographie, 4, 43, 1906. 
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TABLE IV 


OBSERVATIONS OF B.D.+75°752 
eS Ee eee 


Fates) | Aston) OT DAGaET) | PE nee Hate s| § ABEOR- | or Dy O.ivran| Greeniaes 


oO. Date oO. Date 
1926 2424000-++ 1926 2424000-+ 
116 | May 8] 644.9448 8.51 177. | May 12 . 9394 8.25 
TL .9035 8.37 178 -9420 8.22 
120 | May 9 | 645.7590 8.08 179 .9463 8.14 
121 . 7631 So. ah 180 .9498 Selig 
122 . 7666 8.09 181 HO53G 8.20 
123 . 7700 8.13 182 .9507 8.26 
124 7735 8.18 183 .9602 S.2n 
I25 ee 8.11 184 .9637 8.15 
126 . 7805 8.08 185 .9672 8.26 
127 . 7839 8.20 186 .9700 8.22 
128 . 7874 8.23 187 -O741 8.26 
129 . 7909 8.16 188 .9776 8.32 
130 - 7943 8.34 189 .g8I1 8.20 
131 . 7878 8.39 190 .9845 8.36 
132 . 8013 8.36 19l .9880 8.34 
133 . 8048 8.34 192 .99I5 8.22 
134 .8082 8.45 TO3 > lak GN © Wlteieitewnoeer: Rejected 
135 . 8117 8.38 203 | June 13 | 680.6958 8.27 
136 .8152 Sea 204 S7LSe 8.32 
137 . 8187 8.39 205 . 7166 8.35 
138 .8221 8.43 206 . 7201 8.37 
139 .8256 8.35 207 . 7230 8.33 
140 .8659 8.14 208 .7270 8.43 
I4I . 8693 onza 200 . 7305 8.45 
142 .8728 8.08 210 . 7340 8.47 
143 .8763 8.11 211 7375 8.52 
144 .8798 8.23 212 . 7409 8.48 
145 . 8832 8.13 213 7444 8.56 
146 . 8867 8.11 214 74.79 8.55 
147 . 8902 8.13 215 7 5rA 8.53 
148 .8937 8.19 216 -7548 8.53 
149 .8971 8.10 217 7503 8.48 
150 .9oo6 8.14 218 . 7618 8.43 
I5I .QO4I 8.25 219 Obes 8.40 
152 .9075 8.21 220 . 7087 8.36 
153 .QIIO 8.26 221 ET ]22 8.37 
154 9145 8.24 || 222 7757 8.33 
155 .9180 8.26 223 - 7791 8.29 
162 | May 12 | 648.8873 8.44 224 . 7826 8.27 
163 . 8908 8.44 225 . 7861 8.25 
164 . 8942 8.33 226 . 7896 8.13 
165 8977 8.33 227 7930 8.24 
166 .QOI2 8.41 228 -7905 8.05 
167 .9047 8.32 229 . 8000 8.12 
168 . 9081 8.24 230 . 8034 8.25 
169 .Qr16 8.36 231 . 8069 coe (4 
170 -QIS5I 8.26 232 . 8104 8.27 
I7I -9185 ax2 oan . 8139 8.15 
172 .9220 S222 234 Sige 8.13 
173 -9255 8.20 235 . 8208 8.13 
174 -9290 a3 236 .8243 8.25 
175 -9324 Ses 237 .8277 8.12 
176 -9359 8.22 238 8313 S007 
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during three runs. Each plate has one exposure of 3 minutes,’ and, 
as a rule, the beginning of successive exposures is every fifth minute. 
The plates used were Eastman 40 for the May runs and Eastman 33 
for the series of June 13. The use of a separate plate for each expo- 
sure has the advantage that no systematic plate errors occur. The 
variable and five comparison stars have been measured with the 
thermopile photometer. One plate was rejected. Separate reduction 


Orme OlOuNL Ont 6 Onuz Gn O19 Lk OF4ee LOon 6-0, 00NOn7 ssd.G) boase 
Fic 2.—B. D.+75° 752 


curves have been drawn for all the plates. The comparison stars 
are given in Table II. The adopted magnitudes are smoothed 
values derived from measures on the plates. 

The results of the measurements are given in Table IV. The 
times of mid-exposure are given in J.D. G.M.T., not reduced to the 
sun. The three main runs of observations are represented graphically 
in Figure 2, which shows that the variable is of the type of W Ursae 
Majoris. 

The provisional interval of 0.123 day from minimum to minimum 
gives a revolution time of only 5454™, which is three-fourths of the 


t Plates 116 and 117 had an exposure time of 5™. 
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period of W Ursae Majoris. The maximum brightness is 8.13, and 
the depth of the minimum 0.35 mag. There is some uncertainty in 
the number of epochs* between the two minima of May 9 and June 
13, and, on this account, the phases are not printed in Table IV. The 
number adopted is 284 (number of half-periods), which fits all of the 


TABLE V 


Normat Pornts For B.D.+75°752 


Phase Pg. Mag. Phase Pg. Mag. Phase Pg. Mag. 
Os005n ea. ars 8.45 One 2 Scewm eae vi 8.14 OV QOs ates 8.18 
OASn seer. 8.44 ey omc 8.24 O20 anmeer 8.18 
BET ORs cone S232 AOS aerate ae 8.41 iO SAlev tenet 8.20 
SLOG uerseaee ck 8.16 MBAS Smseuee 8.34 OOO mserenene 8.33 
CET Aare pte Bea 8.14 FLOSS BA cet wiceete Sea <QO3 acrteuraake 8.32 
TY ee ERI 8.18 Mesteh oe oy 3 8.20 JO 35 yee 8.40 
OS202 ein crce 8.15 co Bee Were or 8.18 O07 2 eee 8.48 


observations. The revolution period thus derived is 0.2460 +0.0002 
day, the reciprocal of which has been used for the computation of 
the normal points. These are given in Table V, and are shown graph- 
ically in Figure 2 by the broken lines. The minima occur at phases 
o.99P and 0.49P, whence the elements are: 


Min. J.D. G.M.T. 2424680.744+0.2460 E. 
+0.0003 +0.0002 (m.e.) . 


Attention may be called to the large proper motion, viz., 
+o%895 and +0%531. The trigonometric parallax, the mean of 
the determinations at Greenwich and Yale, is 07044. 

Mount Witson OBSERVATORY 

July 1926 


t The uncertainty as to the period has been much decreased by a minimum observed 
by Mr. van Gent at Leiden, which Professor Hertzsprung kindly communicated. This 
minimum, June 28, 1926, G.M.T. 11449™7, occurs at phase 0.945P. 
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ON THE ORBITS OF FOUR SPECTRO- 
SCOPIC BINARIES 


By R. F. SANFORD 


ABSTRACT 


Orbits of spectroscopic binaries —Four systems, n Orionis A, e Hydrae C, Boss 4247, 
and B.D.+57°2309 are studied by means of slit spectrograms of one-prism dispersion 
made for the most part with the large reflectors at the Mount Wilson Observatory. 

n Orionis A.—The velocity of the center of mass varies in a period of 9.5 years with 
a semi-amplitude of about 18 km/sec. Beal’s earlier estimate of between 9 and 10 years 
for the period of variation in y is thus confirmed. If explainable as a triple system, the 
velocity of the system is about +20 km/sec. The three masses would be comparable 
and of the order of 10 © for each as a minimum. Radial velocities from the D lines of 
sodium are constant, thus agreeing with Slipher’s observations for the H and K lines 
and exhibiting what has already been found for several other spectroscopic binaries of 
early B spectrum. Velocities for the triple system, for the D lines, and for the Orion 
nebula are in fairly good agreement, which may be significant since n Orionis is near the 
inner edge of the large ring of nebulosity surrounding the Orion nebula. 

e Hydrae C.—The orbit found for this member of the well-known visual triple has 
an eccentricity among the largest associated with spectroscopic binaries and comparable 
with that of the orbit of AB of the same system. The period is 9.9 days; the velocity of 
the system is about 6 km/sec. less than that found for A and B, which may be a conse- 
quence of the motion of C about the pair AB. 

Boss 4247-—Since the lines of both spectra appear, it has been possible to deter- 
mine the orbital elements of both components of the spectroscopic binary. The period is 
2.3 days; the orbits are czrcular, and the two semi-amplitudes of velocity variation are 
97.4 and 108.7 km/sec. These data give 1.11 and 0.99 © as the values of m sin3i and 
My sins i, respectively. 

B.D. +57°2309.—This star is imbedded in nebulosity. Its spectral class is B3. 
The radial velocity varies in two periods: one 5.4 days, the other 225 days. Both orbits 
are elliptical, with small eccentricities; the semi-amplitudes of velocity variation are 40 
and 22 km/sec., respectively. If interpreted as a triple system, the velocity of the center 
of mass would be —17.2 km/sec. The H and K lines are strong and sharp, and are 
provisionally accepted as showing a constant velocity of —19.4 km/sec., which, 
there is reason to believe, is the velocity of the surrounding nebulosity. Since the 
difference between this mean and the velocity for the assumed triple system can easily 
be accounted for by their respective probable errors, equality may be assumed to exist, 
whence it follows that the triple system is at rest within the nebulosity. Some evidence 
indicates that the D lines also do not oscillate with the lines which furnish the data for 
the two orbits found. 


This paper derives orbits from the variable radial velocities of 
the four stellar systems listed in Table I. In three cases the data 
consist wholly of spectrograms made with the one-prism spectro- 
graphs attached to the 6o- and roo-inch reflectors in Cassegrain 
form, while in the fourth they also include earlier measures, ante- 
dating the Mount Wilson series. The second, third, and fourth 
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binaries were discovered at this Observatory.’ The introduction to 
a previous paper’ gives general details concerning instruments, 
observations, and methods of reduction. 


7 ORIONIS A AS A TRIPLE SYSTEM 


n Orionis (8G.C. 2712) is a stellar system whose complexities 
have been resolved one by one by various observational methods as 
astronomical equipment has improved. Sir William Herschel in 
the latter part of the eighteenth century noted a tenth-magnitude 
companion, to which Burnham ascribes a proper motion identical 
with that of 7 Orionis. In the middle of the Jast century Dawes 
found the bright star to be a close double, the magnitudes of the 


TABLE I 
Star H.D. No. Mag. a 1900 6 1900 Spectrum 
WM OTIOUISHES rece series oe 35,411 aa shrot4 | — 2°20/ Br 
We Rigs bie: Conk Ooi iaranc, Serene Pacers bck enc hes 8 4r.5 | + 647 F5 
IDOSS AOA ccna tts see aise 150,082 5-9 1637.5 | +27 7 Fo ,F2 
Bie sE87 28000. sanaiisist 203 ,025 6.4 2I 14.6 | +58 10 B3 


components A and B being 3.7 and 4.9, respectively. Orbital motion 
has not been detected with certainty, the position angle and distance 
remaining about 80° and 1”, respectively. 

Frost and Adams? at the Yerkes Observatory found the radial 
velocity to be variable. About a year later, Adams‘ published an 
orbit for the spectroscopic binary which is so nearly circular that it 
may be described by the period 7.9896 days; the semi-amplitude of 
velocity variation, 144.75 km/sec.; and the epoch of maximum nega- 
tive velocity, J.D. 2415723.849. These give a very good representa- 
tion of the Yerkes observations. 

The pair is so close that integrated light from both stars passes 
into the slit of the spectrograph, but the difference of magnitude is 
such that the resulting spectrum is essentially that of star A. Its 
spectral class is Br. 

* Publications of the Astronomical Society of the Pacific, 36, 137, 1924. 

2 Mt. Wilson Contr., No. 201; Astrophysical Journal, 53, 201, 1921. 

3 Publications of the American Astronomical Society, 1, 179, 1902. 

4 Astrophysical Journal, 17, 68, 1903. 
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In 1909 and again in 1915, a series of spectrograms of 7 Orionis A 
was made at the Allegheny Observatory. A. F. Bealt measured these 
and found good agreement with Adams’ elements, provided it was 
assumed that y, the velocity of the center of mass, varied in a sine 
curve with a period between nine and ten years. Many of the 
Allegheny plates showed the spectra of two components, from which 
Baker’? obtained 10.6 and 11.2 © as the two mass functions pertain- 
ing to the short period. 

A half-dozen spectrograms made by Slipher’ at about the same 
epochs as the Allegheny series gave a constant velocity for the sharp 
H and K lines of calcium. 

Next in order came observations by Stebbins‘ with a photo- 
electric cell, which showed 7 Orionis to be an eclipsing binary with a 
principal minimum of at least 0.15 mag. below normal light and a 
secondary minimum of 0.02 or 0.03 mag. Stebbins states that 
“eclipses last probably less than half a day and seem to occur slightly 
before the predicted times.’’ The period is so nearly an exact num- 
ber of days that the complete photometric observation of the star 
becomes a slow process; but such results will be extremely valuable 
for the determination of the inclination of the orbit of the spectro- 
scopic binary, and hence of the true semi-major axis and the masses. 

A set of thirteen spectrograms was made at the Vienna Observa- 
tory in 1920, which Hnatek’ combined with the early Yerkes plates 
for a redetermination of the elements. The results agreed well with 
those by Adams, the period, however, being increased 0.0034 day. 

Still another series of radial velocity determinations has been 
made by the writer at Mount Wilson about the mean epoch 1925.0, 
the details for which are given in Table II. Phase is reckoned from 
J.D. 2415723.849, the epoch found by Adams for maximum negative 
velocity. 

Since both the Allegheny and Vienna plates indicate changes in 
the elements, it seemed best to discuss all the radial velocities to- 


t Publications of the American Astronomical Society, 3, 117, I915. 
2 Lick Observatory Bulletins, 11, 170, 1925. 

3 Ibid. 

4 Publications of the American Astronomical Society, 3, 272, 1916. 


5 Astronomische Nachrichten, 217, 53, 1922. 
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gether. The values for the Yerkes, Vienna, and Mount Wilson Ob- 
servatories were at hand. Dr. Curtis was kind enough to send the 
twenty-seven determinations comprising the Allegheny series of 
1909 and the seventeen for 1915, with permission to make use of 
them. Dr. V. M. Slipher was so good as to send me his six plates 
for measurement. These have been used only as a confirmation of 
the much longer Allegheny series, made at the same epochs. 

Each series of velocities was projected back upon Adams’ ve- 
locity-curve with his period, from which it became apparent that 


TABLE II 


Mount Wison OBSERVATIONS OF q Ortonts A 


Plate Date G.M.T. Phase Vel. veri, Goregied 
km/sec. km/sec. km/sec. 

yy 12196.......| 1923 Oct. 21 08 28™ | odg982 — 89 | +22.5 — 66.5 
yitzOsde-.. << 1924 Oct. 17 O17 3.428 ret +28.5 =-Ts5On5 
oT SOA a) ssa Oct. 18 23 28 testey/ or eae ohn) etcetera cc —-TO3 5 
ry LROOO ss. 913) ee Oct. 19 23 32 6.307 ORO a ||. an eres areas 
WaT ROGGens «2 ars Nov. 7 23 47 1.439 SS OOS | nee nares ee Stats 
ELLE Oe ee te Dec. 2 19 20 2.201 S20 Pl veerancee en + 37.5 
apie fey be oie eee Dec. 3 21 45 3.388 te PEO atl eee 147.5 
¥ 13128 Dec. 9S TO 02 0.285 —T22) <ieiamierriaa =) O35 
Rye EAC hen tee Desc. 15 17 42 Hee mae Onl Bays fm — 64.5 
aaah yb aa 1925 Jan. 6 18 25 5.292 ate,’ Hit Renee tots tier aeisy 
Get BB EAR aro Ser Jan. 6 19 8 eee OL maligne See On 
Se Dee ere shee Jan. 9 18 34 ©. 309 E344 [ne cee POS a5, 
MDa LOS I ae nts Jan. 10 18 48 1.318 hin Meera — 48.5 
¥ 13709....... Sept. 27 | 23 59 5.879 6) Pept s. enrages 
Cea Gina eens Dec. 2 20° 7 7.802 ——T37 e) lae eae —107.5 
Wi eS 8 Olen ais DeCrmes 20 36 0.834 TG) | ets eetere — 88.5 
y 14052.......| 1926 Feb. 24 18 21 3.804 gees io nease +162.5 


only a slight shortening of his period would make all the series agree 
(except the Vienna observations), with y alone variable. An increase 
of 0.0034 day is the minimum change in Adams’ period which will 
reconcile the Yerkes and Vienna observations; and since this 
change is inadmissible for all the other series, the Vienna observa- 
tions have been ignored, except in determining the value of y. The 
new period, 7.98922 days, which harmonizes the remaining series, is 
0.00038 day shorter than Adams’ original period. This is not to be 
interpreted as a real change in the period, but as the improvement 
contributed by the long interval now available. In qualitative 
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agreement with this modification is the fact noted by Stebbins 
that eclipses occur before the epochs predicted with the old period. 

With each series plotted against Adams’ curve, the value of y 
for each set of plates was easily found by the mean departure from 
Adams’ y. Two series of plates, which have been made since Beal 
found nine to ten years as the probable period for the change in y, 
confirm his estimate, for all the values fall on a smooth curve with 
P=g.5 years, as shown in the lower part of Figure 1. Table III 
lists the separate values of y. 

The values do not define a velocity-curve with sufficient precision 
to distinguish between a circular and an elliptic orbit, although, as 
plotted, some eccentricity is indicated. This uncertainty affects to 


TABLE III 


VALUES OF y FOR 7 ORIONIS A 


No. Epoch Vel. Series 
km/sec. 
eI r prsicic 1902.4 +-35.5 | Yerkes 
Dee, Teor 190Q. 4 +24.8 | Allegheny 
a Athy 5 cere IQI5.0 + 9.4 | Allegheny 
cee ect ee 1920.2 37.0 Vienna 
Scan has Sa RIOIN fs 1925.0 + 7.2 | Mt. Wilson 


some extent the mean y, which was obtained in the usual way by 
finding the line which divides the y-curve into equal areas. This line 
corresponds to +20 km/sec., which is probably a fair approximation 
to the velocity of the system, if triple. The semi-amplitude of 
velocity variation is about 17.5 km/sec. 

The ordinates of the curve for y give the corrections required to 
reduce each series of observations to Adams’ curve. The upper part 
of Figure 1 shows this curve, the two series of Allegheny observa- 
tions thus corrected and combined into normal places, and, finally, 
my individual values similarly corrected for variation in y. Phase 
is reckoned from greatest negative velocity. Although minor im- 
provements might still be made, the agreement is satisfactory. The 
Vienna observations, if plotted, would be well represented by Adams’ 
curve displaced 3.1 days to the right, no adequate explanation for 
which has been found. 
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To predict the radial velocity of 7 Orionis A, it is therefore only 
necessary to use Adams’ elements with the new period, 7.98922 days, 
and modify the velocity thus found by the difference between 
Adams’ value of y and that found from the curve in the lower part 
of Figure 1. This seems the safest procedure, since to give elements 
for the variation in y would perhaps suggest a degree of accuracy 
certainly not at present attainable. 

If we assume that the spectroscopic system involves three bodies 
and that the inclinations of both short- and long-period orbits are 
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Fic. 1.—Radial velocity curves for 7 Orionis A 


nearly go”, then it follows that the mass function for the long-period 
orbit is 

M3 sin3 1 

(+My 19°: 
where J is the combined mass of the two stars whose period is eight 
days, and M, the mass of the third star. But if 7=90°, M=(10.6+ 
11.2) ©, whence MV, is of the order of 13 ©, so that we appear to be 
dealing with three comparable masses. 

These three components comprise star A of the visual system, 
magnitude 3.7, which is 1 mag. brighter than the value usually 
assigned to star B. It is of interest that spectra of two of the stars in 
A are shown on many spectrograms without serious interference from 
the spectrum of B. Of course the latter may be fainter than esti- 
mated, at least photographically. At any rate, the differences in 
magnitude must be most favorably distributed to insure the selec- 
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tion actually found upon spectrograms resulting from the com- 
bined light of all four stars. It is hoped that with first-class seeing 
conditions the spectrum of B may be obtained free from that of A. 

Spectroscopic binaries of type B3, or earlier, are quite numerous 
in which the H and K lines of calcium are sharp and give velocities 
which do not seem to vary. In several such cases, Miss Heger™ has 
found a similar behavior for the D lines of sodium. Since Slipher 
finds that the H and K lines in 7 Orionis A give a constant velocity, 
I have obtained two plates covering the region of the D lines. The 
dispersion of the plane-grating spectrograph used for this purpose is 
65 A per millimeter. A neon comparison spectrum was used. From 

TABLE IV 


my Ortonts A—D-LInE VELOCITIES 


Plate No. Date aa pe sees sauna 
km/sec. km/sec. km/sec. 

Cyn yatta 1926 Jan. 27 —137 —134 +26.8 
Tet estachs Mar. 27 + 82 > 51 + 6.6 
Cs AEG aes SR ree | od Ri ee | Oe eae +16.7 


two measures of each plate, I have derived one velocity from D, of 
helium and another from the D lines of sodium, and have also com- 
puted the velocity from the elements already found. The results are 
in Table IV. The agreement between the computed velocities and 
those from D, is quite as good as one could expect from a single rather 
weak line and such dispersion. Although the phases are such as to 
give a large difference in the orbital velocities, the results for the D 
lines are not greatly different, and their mean, +17 km/sec., is not 
far from +20 km/sec., which has been found for the velocity of the 
triple system. It is of interest that 7 Orionis is located on the inner 
edge of the great ring of nebulosity surrounding the Orion nebula, 
and that the velocities from the D lines as well as for the triple 
system are nearly the same as the mean of many determinations for 
the Orion nebula itself (+17 km/sec.) as published by Campbell 
and Moore.” 

t Lick Observatory Bulletins, 10, 59, 1919; ibid., p. 141, 1921. 

2 Lick Observatory Publications, 11, 107, 1918. 
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THE ORBIT OF THE SPECTROSCOPIC BINARY 
€ HYDRAE C 

The multiple system, ¢ Hydrae (8G.C. 4771), is of more than 
ordinary interest, for it includes a visual pair whose data were com- 
plete enough in 1912 to enable Aitken’ to derive both its visual and 
spectrographic orbits, and thus obtain the linear dimensions of the 
orbit and the parallax. In addition, there is a third star, C, at a 
distance of 3’’, of about 7 mag., which has described an arc of some 
40° about AB during the one hundred years since its discovery. The 
spectrum obtained from the close visual pair (separation 0723) is F8, 
and is that of the brighter component A. The spectral class of star 
Cis Fs. 

To obtain the spectrum of C free from that of AB, it is necessary 
to keep the image very nearly at the same point on the slit, thereby 
producing a very narrow spectrum. Furthermore, the seeing must 
be good; otherwise the enlarged images merge and the spectrum 
becomes a composite of A, B, and C. Effort has always been made 
to meet these requirements, but some of the measures may be 
affected by blending with the brighter star, either because the rate 
of the driving clock made close guiding very difficult or because the 
seeing was variable throughout the exposure. 

The first two spectrograms early in 1917 gave velocities which 
differed from each other and from the value of the velocity of the 
center of mass for AB so much and in such a direction that the binary 
character of C seemed certain. The seventh and eighth plates, 
taken in December, 1922, definitely settled the matter, after which 
the star was placed on a selected list of spectroscopic binaries for 
regular observation. 

In all, forty-four spectrograms were obtained, covering satis- 
factorily the entire velocity-curve. Less than one-sixth of the period 
is required for the drop from maximum to minimum velocity; this 
and the other conditions already referred to delayed considerably 
the completion of the observations covering this branch of the 
velocity-curve. 

The final adjustment of the observations gave P = 949047, which 
is judged to be correct within 0.001 day, since any greater change 

* Publications of the Astronomical Society of the Pacific, 24, 216, 1921. 
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TABLE V 


OBSERVATIONS OF ¢€ HyDRAE C 


Plate Date G.M.T Phase Velocity O-C Wt. Notes 
km/sec. km/sec. 
y 5361 1916 Dec. 12 | 22831" | 54962 | +38.7} — 4 4 | (x) 
Y 5419 1917 Jan. 4 | 21 54 9.128 | +56.7 Fia3 a! 
Y 5573 Feb. 9 | 20 35 5-454 | +4357.) + 4 I 
Y 7771 191g Jan. 15 | 20 08 7.201 | +44.8 — 5 I 
y 7946 Mar. 11 | 20 11 2.774 | +20.7 — 2 I 
y 8038. ADE RIL |i r7. 15 2 .OSotit 3052 =H I 
y 11456 1922 Dec. 5 | 00 25 0.103 | — 5.8 — 1 $+ | (2) 
y 11463 DCCH ASe lh eee5e I.038 | —I0.0 —9 I 
¥ 11498 1923 Jan. 2 | 22 of 9-193 | +43-9} — 9 4 (2), (33 
11543 Wanycr |eazsor 5.290 | +34.0] — 6 z | (3),4 
vy 11576 Jan. 27 | 20 18 4.407 | +42.2 + 8 I 
C 2100 Jan. 31 | 23 07 8.520 | +51.8 — 3 + | (3), (4) 
y 11616 Feb. 7 | 18 35 5-431 | +40.6 ) + | @), 
y 11625 Feb. 24 | 18 39 2.626 | +25.8] + 5 I 
¥y 11645 Mar. 1 | 20 48 7.711 | +46.3 — 6 3 
vy 11055 Mar. 5 | 17 18 7,003 } <t 74 — 2 I 
y 11748 May 2 | 16 30 0.203 | —16.3 — 6 I 
C 2236 May 4 | 15 18 2e0RS | 4-0 A ee I 
y 11759 May 51] 15 45 Bina |S Pixar) ° I 
“aypunathy AOL ONE, eycye May 06 | 15 20 4.154 | +26.6 — 6 I 
POET 7D re aa May 71] 15 48 5.178. | 8055 — 2 I 
Cee 2S0 eric. May 31 | 15 42 9.361 | +54.9 | + 6 I 
(CR 2RAGs an): Nov. 22] 0 55 5.459 | +43-1 + 2 I 
E2204 was. Nov. 25 | 2I 35 9.4160 | +52.6 + 6 I 
(CEZ500 4.6 Dec, 28 | 21 28 2.696 | +18.6} — 3 4 | (x), (3) 
 123067.. To2Ay {ans 12) |"2r 52 7.810 | +-51.7 — I I 
Cxs600". .. Jan. 12 | 23 54 7.884 | +49.0 — 4 3 (1) 
Y 12407 44. Jan. 17 | 22 40 2.037 | 4-27.60 + 4 I 
(Or ony ie Jan. 20 | 19 46 5.817 | +50.4| + 8 I 
7 12449.... Wan aeZOml TOs 7 T.878 | + 8.7 — 3 I 
eT QSOS ecu Apr. 16 | 15 16 3-486 | +22.1 — 6 I 
SUSE Apr. 18 | 15 21 SetOl et Soa 70 |e cls 4 | (2),(@) 
Walgt ae |e lO25 Jane O.|, 19) 40 1.243 | + 8.3 + 5 I 
2 LIES IG os 0 Apr. 14 | 15 14 0.012 | — 6.8} —r10 I 
WANA 7ivaisls May 6 | 15 43 2.222 | +16.8 ° I 
Y 13439.... May 14 | 15 53 0.324 | — 0.9} +12 I 
7 13996....| 1926 Jan. 25 | 21 54 8.059 | 52-2 — 3 I 
y 14002.... Jan. 26 | 17 20 9.708 | +20.9 + 2 I 
y 140060.... Jan. 120) 21 20 0.031 | — 4.8 — 6 I 
vy I40I4.... aniee7 |far 22 I.03I1 | — 2.9 — 2 I 
(See Oy Ties Feb. 5 | 19 08 0.033 | + 8.2| +7 I 
yTAT2Z6..... Mar. 27 | 17 26 0.438 | —14.3 —2 I 
C 3705.... Apr. 25 | 14 58 O627 P8I-8 be I 
R707 ach Apr. 25 | 16 03 9.572 | +29.4 = Tt I 
C Short camera. 
(2) Poor focus. 


(3) Not used in forming the normal places. 
(4) Poor plate. 
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would seriously upset the assemblage of velocities on the very steep 
and therefore critical branch of the curve. This element has been 
assumed to be known. 

Because of the uncertainties already alluded to which may affect 
individual radial velocity determinations, it was deemed best to use 
normal places for the derivation of the preliminary elements and 
their subsequent correction by the method of least-squares. The 


TABLE Vi 


NorMAL PLACES FoR ¢ HypDRAE C 


Plates Included in 


No. Limits of Phase | Phase | Velocity O-C Wt. SrmaliPlnce 
km/sec. | km/sec. 

ea Oe ir aes ofto3 | — 5.8 | —o.5 z | y 11456 

Be ye ee ofo19-04331 163 | — 3.8 | -+-5.2 2 ¥Y 13382, 13430 

AD ke ena eee 203 | —16.3 | —6.0 I ¥y 11748 

A awe fetes wie nxeustetce cick a dee ots 0.438 | —14-3 | —1.5 Ir y 14126 

Ee ol latin tar eee I.038 | —zo.0 | —8.7 I ¥ 11463 

CPO i T.OFI—E. 249 iy Lata 7 | 22 Zale tek 0 2 Y 13174, 14014 

7 tee ge 1, 603—1.575 | oe 77e [oct oO |) == 3.0 2 y 11655, 12449 

pa Se eee 2,153-33592 .647 | +22.r4 | +1.0 6 C2236, y 7946, 11625, 
T1759, 12407, 13417 

ths Aree 3.486-4.154 | 3.859 | +26.3 | —4.3 3 vy 8038, 11766, 12565 

Tn canes 4.407-5.459 | 5.123 | +41.4 | +3.1 4 | 5573, 11570, 11772, 
C 2546 

Lier 5.817-5.962 | 5.865 | +46 +4.0 1% | C2643, y 5361 

sr ee eee 7.201-7.884 | 7.603 | +48.0 | —3.7 3 iT TTL) LOA S23 Ors 
C2606 

Neal aad Bret ielare siete pate 8.959 | +52.1 | —3-1 I ¥ 13996 

2 ee iss Oo PROS Re RE One er, 9.128 | +56.7 | +2-0 I Y 54190 

BGs oS eo 9.361-9.416 | 9.388 | +54.8 | +7.2 a C2280, y 12304 

COTE eer Q2527-0.572 | O58: |-1-33205) —5a7 2 C3765, C3767 

iy eee Re 9.768-0.033 | 9.881 | + 8.1 | +1.0 3 ¥ 14002, 14006, C3677 


data for the forty-four plates are in Table V; the normal places are 
given in Table VI. Notes to the tables indicate that a few of the 
spectrograms were not used for the normal places and give the 
reasons for rejection. Individual observations with phases such 
that they cover an essentially linear portion of the velocity-curve 
have been combined to form a normal place. Although there are 
objections to combining into one normal place observations sep- 
arated by many periods, that liberty has been taken because the 
period was already rather well determined. 

The preliminary elements used are the mean of sets obtained 
by the methods of Russell and Lehmann-Filhés. These have been 
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once corrected by least-squares, which yielded appreciable correc- 
tions only in the case of the velocity of the center of mass, y, and the 
semi-amplitude of velocity variation, K. The preliminary elements, 
corrections, and final elements are in Table VII. 

The eccentricity, 0.62, is among the very large values for spectro- 
scopic binaries, and is much like the value 0.65 found for both the 
visual and spectroscopic orbits of components A and B. 

If the plane of the orbit of C around AB were normal to the line 
of sight, we should expect the value of y for the spectroscopic binary 
C to be the same as that found by Aitken for AB, provided neither 
system contained a third body. The velocity of the center of mass 


TABLE VII 


ELEMENTS FOR e HyDRAE C 


Preliminary Elements} Corrections Final Elements 

d apr <4 ep ea en Rares CAA Peewee erie 999047 
Oar ssts. 0.62 0.000 0.62 
2 rs WEE DL 7ae —oc1 I17°6 
(ame ee 36.2 —1.2 35.0 km/sec 
Lo oventats J.D. 2423800.000 +0.007 3800.007 
eR Pee +30.0 : +1.2 +31.2 km/sec. 
CISUOvPs peal cnn tabectes aesraiste Ries ti] wis ean She we 3,700,000 km 

3 oin3 7 
i el ae RR SE 0.0206 © 


(m+)? 


for C is, however, about 6 km/sec. less than that derived for AB. 
Campbell’s K-term cannot be responsible, since the two spectra are 
too nearly alike. There may be a third body in either system; to 
decide this would mean a great deal more observing. But the orbit 
of C around AB may not be normal to the line of sight, and the 
velocity difference of 6 km/sec. may be the component of the orbital 
velocity of C around AB. Assuming this to be the case, and that the 
observed difference is the component at the descending node, and 
further, that the angular separation of C from AB converted into 
linear measure by the parallax is the projected radius of a circular 
orbit, we find that the period of C about AB would be of the order of 
six hundred years. The angular rate of revolution of C about AB 
thus far observed gives six hundred and fifty years as the period, on 
the assumption of a circular orbit. Hence the difference in the veloci- 
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ties of the center of mass for C and AB is compatible with the known 
motion in position angle. 

It may be well to point out that all but the first six observations 
of the radial velocity of C have been made at times when the position 
angles of B referred to A were in the same quadrant as those of C 
referred to AB. Further, since aphelion in the system AB occurs in 
that quadrant, the configuration mentioned persists longer than for 
B in any one of the other three quadrants. It would be of interest to 
tedetermine the orbit for star C when star B is in the quadrant 
opposite to C. 


J.D.2423800+ 
kmn/axc of yd gd 34 gd gd Gd yd Bd gd 
+60 | 


Fic. 2.—Radial velocity curve of e Hydrae C 


Table V gives the residuals for the individual observations as 
scaled from the velocity-curve based upon the final elements. Table 
VI shows the differences O—C between the velocities for the 
normal places and those computed by the final elements. When the 
practical difficulties are considered, the representation in both 
tables is quite as satisfactory as could be expected. In Figure 2 the 
normal places only have been plotted with the computed velocity- 
curve. 

Besides stars A, B, and C, there isa fourth star, D, 19” distant 
and of 12.5-+ mag., which has the same proper motion as the brighter 
stars and is therefore presumably a member of the system. Since its 
absolute magnitude is some 8 mag. fainter than that of star A, or 
about M =o, it would be of interest to know something of its spec- 
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trum. It is hoped that a spectrogram may be obtained in the near 
future with a spectrograph of low dispersion. 


TABLE VIII 


OBSERVATIONS OF Boss 4247 


VELOCITY O-C 
Pirate No. DATE G.M.T. | PHasE 

Prim. Second. Prim. Second. 

km/sec. km/sec. km/sec. km/sec. 
vy 11848....] 1923 June 6 | 19546™ | odro8 |+ 84.0 |—105.5 | + 3.3 | +11.1 
VaNCOSOyti-ys june sr | or ers T,323 |— 08:7 |-- 05.9 | 4- Te2 | = To.0 
ETUSOO pice June 28 | 18 04 #270 |= 90-0: |---97-5 |) > 520 | — 322 
MeL LOOS ie ve June 29 | 19 Io | 0.008 |-+ 88.0 |—122.2 | + 3.2 | — 0.8 
Ral 2OOd nen ea Aug. "| 15 20 2.234 |+ 81.9 |—132.6 | — 1.0 | —13.5 
7 12087.... Sept. 1 | 14 52 1.524 |— 72.0 J+ 50.2 | — 7.5] + 4.8 
CazAo5T Sept. 2| 14 57 | 0.219 |-+ 67.2 |—116.2 | — 0.7 | —13.6 
(Os Ey eee Sept. 4 | 14 51 2.215 |+ 82.0 |—113.4 | + 0.3 | + 4.5 
O27 Ere oe Sept. 4 | 15 05 2.224. |) 6r-6 |—116.4 | — 0.5 || -- 202 
WLess4.... |) 1024- Mat, 18 |e 30. | 6.080) | 8r.3 |—117.9 | — 122°) - 0.9 
VORDRAT «ear Mar. 19 | 22 20 1.073 |—108.4 | 82.0 | — 0.8 | —11.4 
f L2504..%» » Apr. 15 | 2m-49 | 0.360 |-+ 54.0 |— 72.8 | +-12.4 | + 1.3 
aT ZSOO. nie Apr. 16 | 2m 20 | r.340 |— 93.1 |-+ 903.0 | + 4.7 | --10.0 
Gye B17 5 eer Apr. 17 | 21 58° | 0.058 |+ 76.2 }—112.8 | — 6.3 | + 7.2 
G75 3 aie Apr. 18 | 22 08 r.065 |—1or.7 |4- 07.2 | + 5.5 | + 4.2 
vy 12640.... May 15 | 18 39 | 0.229 |+ 58.6 |— 98.6 | — 7.8 | + 2.3 
7 12646.... May 16 | 19 26 1.262 |—112.6 |+ 90.7 | — 6.8 | — 0.7 
FL OS Liners May 17 | 20 05 2.289 |-+ 80.6 |—118.9 | — 4.1] + 2.3 
(CS ys anita May 18 | 22 46 1.0903 |—109.7 |+ 98.0 | — 1.1 | + 3.4 
7y 12664.... May 109 | 22 24 | 2.077 |+ 68.0 |—r102.8 | + 1.8] — 2.2 
PDO R eo ates June 17 | 19 50 | 0:073 |— 04.8 |-+ 85:2 | + 3.7 | + 1.0 
YAU AG cert June 18 | 17 25 TRO 2 | taekO oO) ieee ees pert (i248 When yar 
Val 2 Oe orcas July 13 | 15 42 1.416 |— 95.2 |-+ 56.4 | — 9.0] —13.2 
7 T2780. . July 14 | 15 52 0.116 |-+- 84.6 |—111.4 | + 4.7 | + 4.5 
SVT 1B erates July 15 | 16 35 1.145 |—1I12.9 |+ 95.6 | — 2.9 | — 0.6 
Greets tees) XO25, [Une 5: || TonTs OvSas | — TE Out Oae7 lat oe) a 
ay VETS ee une x7 32 OM ROSS |b acts | oareecen tate rae BE, al Im Pater horas 
Tiss eae Une aya 23 q20" 20. 7500727) (eas) |e LOn | para 
¥V 13445. ... June 8 | 15 30 1.420 |— 86.5 |+ 61.5 | — 0.9 | — 7.4 
WelsAkOn ain June 8 } 23 28 LO. ak ee Oeil kee es tee — G20" lis erreueie 


ORBITS OF THE TWO COMPONENTS OF THE SPECTRO- 
SCOPIC BINARY BOSS 4247 


The first spectrogram of this star showed the lines of two stars, 
both of spectral class about F2, and established its binary character. 
Thirty spectrograms with one-prism dispersion were made with 
the 60- and roo-inch reflectors between June, 1923, and June, 1925. 
The data for these plates are in Table VIII. Both the phases and 
the residuals refer to the adopted elements. The period, which was 
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soon found to be near 2 days, turned out to be 2.3076 days, and 
satisfactorily represents all observations in an interval which in- 
cludes about three hundred and thirty revolutions in the orbit. The 
distribution of velocities would be very seriously affected were this 
period changed as much as 0.0005 day, which may be taken as an 
upper limit of the possible error in P. A freehand velocity-curve 
through the assembled observations was not distinguishable from a 
sine curve, and the orbit has been assumed to be circular. The 
elements are therefore period, velocity of the system, semi-ampli- 
tude of velocity variation for both components, and an arbitrarily 


TABLE IX 


ELEMENTS FOR Boss 4247 


| preliminary Elements] Corrections Corrected Elements 
de ears eae MORAN in tice Serer 213076 
NG I Aah ae 07.5 —oO.11 97.4. km/sec 
Repos cero 107.5 +1.22 108.7 km/sec 
Tie Se Sas J.D. 2423923.862]| —o.006 3923.856 
AVE ae bon hg —12.5 —0.09 —12.6 km/sec. 
(drs) SID Gael ears wy | saat aleb aaa 6,540,000 km 
Mb SIDS cists kre Prose ates ee | as re 1.1005 © 
HEGRE Borge cs cee es Coste ot cet Mendes | oe osteitis 0.9915 © 
m - K* 
oie eee Ce Ceo dap aie 


chosen epoch, in this case the time when the primary attains its 
maximum positive velocity. These were determined by the graphical 
method of Lehmann-Filhés, and once corrected by the method of 
least-squares. Table IX gives these elements, the corrections, and 
the corrected elements which have been adopted. The representation 
is quite satisfactory as attested by the residuals in Table VIII and 
the fit of the observed velocities to the curve as shown in Figure 3. 
The values of @ sin 7 and a, sin 7 are 3,114,300 and 3,425,700 km, 
respectively. If the radii of the two stars are of the order of that of 
the sun, any inclination between 70° and go° will result in a partial 
eclipse twice each revolution at phases corresponding to the inter- 
sections of the two curves in the radial velocity diagram. It might 
prove of interest to test this point by photometric observations. 
Measures of the trigonometric parallax of this system are un- 
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known to me, and the determination of the absolute magnitudes by 
spectral criteria is made difficult on account of the presence of the 
two sets of lines. 

Boss’s proper motion is small. The system appears, however, 
to consist of two stars not greatly different in absolute magnitude 
from that of the sun. 


B.D. +57°2309 


Barnard found this star to be involved in nebulosity, as may be 
seen by reference to Plate 82, Publications of the Lick Observatory, 11, 
J.D.2423900+ 
2240 2244 2298 2342 2396 2440 
km/sec. 
+ 80 


+ 40} 


Fic. 3.—Radial velocity curves of Boss 4247 


1913, where it appears as the first object listed in the appended 
table. This led Hubble, in 1920, to observe its spectrum with the 
one-prism spectrograph and 60-inch reflector. His five plates gave 
certain evidence of variability in the radial velocity of the star, and 
velocities from the H and K lines of calcium which did not agree with 
those from the other lines. He noted that H8 was an abnormally 
weak absorption line, and Humason found from objective-prism 
plates that Ha appeared as an emission line.* The character of Ha 
has been verified by slit spectrograms. 

The star was placed on the program of spectroscopic binaries in 
1921, and by the end of 1925 forty-two usable spectrograms had 
been obtained. These have furnished the data for the investigation 

t Adams, Joy, and Sanford, Publications of the Astronomical Society of the Pacific, 
36, 137, 1924. 
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of the orbit. Considerable difficulty was encountered in deriving a 
period until it was noted that observations which evidently estab- 
lished maxima and minima could not be harmonized with a single 


Norma Praces; B.D.+57°2309; P=225944 


TABLE X 


Velocity z 
No. Julian Day | Phase |Deviation! oc | we. | Nos Rom Column t, 
Orbit 
km/sec. | km/sec. 
5 2424490.13 9273 +19 + 4 2 40, 41 
Bs Lesvtin she is 2 3599.42 20.88 + 4 =) 13 4 TO, sUn ears) 
Bio a latexes! eechiaiss 4514.61 34.31 — 6 — 4 I 42 
Aewesceeeeee 4310.45 55-59 — 23 Fae, 2 | 30, 31 
aye eee 3036.63 58.10 —II aie ©) 3 T4505, 10 
Cee tee 4339-67 | 84.81 | —19 4 6 | 32; 33) 34353 35) 37 
FAS rat EPA 3065.82 87.29 —27 — A 5 27, LO; LO, coven 
Ott  Ran ne 3014.72) | 2r250 —3I1 —O I 6 
Ores a eee 3696.80 | 118.26 —34 — 12 I oe 
TO Pecnley cls tiasyen 3923.97 | 119.99 —22 — 1 3 27 28820) 
1h a dae ret 3720.73 | 142.10 —I0 + 6 4 Ba QA on 20 
tA Cotes 2609.45 | 158.11 —12 — 2 Ae Oars sca 
era ata ie 4420.18 | 165.32 —I 2A 7} || seis Xo) 
se comme Are 3570.64 | 217.54 | +22 ae 3 Thykehs 
TABLE XI 
B.D.+57°2309— ELEMENTS oF LONG-PERIOD VARIATION 


Preliminary Elements Corrections 
Day acre ate ets Oe aaa Pe a os Tan no 
| See me ERAS 0.095 +-lOnrar 
COs ora °° +16°6 
ECA aah irae 20.4 — 4.5 
Sha 5 Sta cae J.D. 2423797.50 + 6.48 
yee ents —4.5 — 1.6 
Be BYIVG cies cate iel|'sabveteia go: ciolsvedhs eine eras ORC eee 
M3 sin3 7 
7725 0 ed Ree Coon eee 


Adopted Elements 


225944 


0.226 
16°6 
21.9 km/sec. 


3803.98 
—6.1 km/sec. 
65,988,600 km 


0.3956 © 


constant period. An attempt to establish a periodicity for these 
changes indicated a cycle of about 225 days. Further observation 
seemed to confirm this, so that a tentative curve having a period of 
225 days was used as a starting-point for the correction of the ob- 


served velocities. 
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When the corrected velocities were studied, it was found that 
P=5%41364 provided an assembly which, in view of the nature of 
the spectrum from which the velocities were obtained, was fairly 
satisfactory. As the lines of only one star are visible, and their 
breadth and diffuseness make them somewhat difficult to measure, 
the velocities are subject to rather large probable errors. The cal- 
cium lines H and K are sharp and fairly strong, however, and 
special reference will be made to them later. The proximity to He 
makes the H line less satisfactory than the K line. 


JD2423633 34 35 36 37 38 
+40 ee sae: Sh, aaa a) * ae ee ee 
+20 


JD2423700 50 3800 50 3900 50 
Fic. 4—BD+57°23009 


The adjustment between the two velocity-curves with periods of 
225 days and 5 days, respectively, was one of successive approxima- 
tions that led finally to P=225444 for the long-period oscillation. 
Normal places for this variation were then formed, which are given 
in Table X. The weights are the numbers of plates used in forming 
the normal places. The spectrograms included in each normal place 
are indicated by the numbers in the last column, which refer to the 
successive plates in Table XII. The velocity deviations in Table X 
are residuals from the best approximation that could be gotten for 
the short-period velocity-curve. The velocity-curve which results 
from a plot of these data was used to derive preliminary elements 
by the method of Lehmann-Filhés. One least-squares solution for 
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TABLE XII 


OBSERVATIONS OF B.D.+57°2300 


No. Plate No. Date G.M.T. 
1920 
Tee y 9609 | Oct. 2 | 18b27™ 
Zee y 9619 | Oct. 3} 18 20 
Boe y 9626 | Oct. 20} 14 58 
Ane y 9627 | Oct. 20} 15 45 
re vy 9717 | Nov. 19 | 17 46 
1Q2I 
Gr y 10651 | Nov. 20 | 17 21 
1923 
7....| y 11814 | May 28 | 23 30 
8....| C2279 | May 30 | 23°15 
OQzrs | Geceos) | pMayesn 1] 223 07 
TOie ws [n@uese5n| pune. 20naee TS 
Tver) G 23208) funer27 |so2730 
2....| 7 12003 | June 25) | "er 5x 
T3ies sly ErOOO™ |e ue 208 | 2rd. 
i4..-+|'y £1000 | Aug. (3 | 20°20 
T5....| y 12002-|.Aug. 4 | 20 05 
x6....]| 712007 | Aug: 5 | 19) 29 
C72. oe] Pir2o0o. |coept,, ©) | 18.15 
TS. u| PL2ZOOL || sept. ty | 19 213 
roo C 2428 | Sept. 2 | 10 56 
20.. C2429, | Sept. 2°} 20 42 
21 Gn2435 | sept. 4 ||. 20727, 
oy ae (Se2475 0 OGta es | rOnns 
22 ees | ©. 2403a LOC or. | 7-40 
Bac ccs yr2245. |-Oct. 28 | 18-30 
Bee ciel KY L2240) IOCte 20. ero, 44 
20.5. «| yu2257. | (Oct, 30 |) 56) 50 
1924 
27....| y 120407) May x6 | 23-37 
28....| y 12653 | May 17 | 23 32 
20 en + si| kor 270211 May: 10) | 94" 66 
1925 
30....| ¥ 13443 | June 7 | 22 52 
Be ems | h¥23440. | June: S5| 22) 50 
325. 713518 | July 5 | 18 18 
SGer hry asset et uly: maleroes 
SAcc.  )eyss27 | Ly, Os ee aso 
35----] ¥ 13531 | July 7 | 17 46 
36....| y 13530 | July 3 | 2r 18 
37----] ¥ 13545 | July 9 | 22 14 
8.4.0) ¥ 13730 | Sept.24 | 14050 
20s 07 [8L3 700 Pepin a7 e sO 
40....| C 3588 | Dec. 3| 14 42 
AE eet eD30L2) | “DEC On errs 20 
A2-- «=| ¥- 13042 | Dec. 202) 14 34 


Phase 


nO 


w 


ROOWND OWWNHNNHHOWNKDHOH OL 


HHWHWWH OO OMNHP HW 


- 532 


Corr. 
Obs. Vel.| f°™ |Corr. Vel| O-C [Pant 
Per. Var. 

km/sec. | km/sec. | km/sec. | km/sec.} km/sec. 
+13.4 |+14.5 |+27.9 se ee 
30. 21|-\- 0A. Oi 28 eae 
ALO oe MOC lame Gilh am fle obi ri 
=G00% |= O25 | 5 acon te agate 
+4253 |—LO<5 |--3r. 9 ||| “I 5 toes 
—7s.0 |+-23.0 |—52.0 | — 8 |. .0. 2. 
+45.6 |—20.0 |+25.6 Ni lbrtas.oc 
= 7.4 \—20.0 |—27-4 || =Fe3 |p e 
—26.8 |—20.0 |—46.8 | + 2 |—15.7 
—26.6 |— 8.5 |—35-.1 | —10)|—1350 
iets) |e this eaviige? || ae Zh [Ibe cons 
—18.8 |— 6.0 |—24.8 | + 6}...... 
+ 6.0 |— 6.0 0.0 | — 3 |—11.8 
—41.8 |+16.0 |—25.8 oO |—I1.2 
—54.9 |-+-16.0 |—38.9 | +10 |-..... 
— Ase Tt 27. Onl 20577 t= 5 | eeenayens 
OR OR == 23)5 AC t a| nz rine 
—60.6 |+23.5 1-37.21 | — 4 |....-. 
—35.5 |+23.5 |—12.0] —16| * 

=O |=-23.5 (oe 24) — estas 
14.2) |-23e5e\e O23" |) non l— TOae 
—74.6 |+22.0 |—52.6 | — 7 |—15.5 
—11.2 |+18.0 |+ 6.8 | — 5 |—28.5 
+ 1.3 |+16.0 |+17.3 | + 6 |+ 4.2 
—41.5*|+16.0 |—25.5 | +11 |—18.0 
—49.3 |+215.5 |—33.8 | +12 |—38.6 
—51.6 |+22.0 |—29.6 | + 3 |...... 
—70.0 |+22.0 |—48.0 | — £ ]...... 
— 4.5 |+21.5 |+17.0 o |—16.6 
1 sO ata 5 i + 2.5 | + 24+ 253 
+ 3:8 |--16.0 |-+-19.8 | =I |ppeeen 
ae Fan pe ogen | eyeereiee |) came Sab 3 or 
=—22.2 |+23.0 |-+ 0,8 | —r16 |...... 
SO le aero h — 2 Nec ace 
—AO.4 [7-23.55 |— 10.0 | = TO ne 
—O50 \4-23..5 |—4T.O estou one 
— 38:0) [1-23 5u|—15. 0 pele eee 
rite L |. O20) |p 2O at Ns | ee 
—60.8 |-+ 6.5 |—54.3 | — 5 |.-...- 
“43.5, |—26.0|--27- 8) | 27 sae 
—44.0 |—TA.5 |—50.0 (| —T5) ee ween 
—40.8 |= 235. |—4453) |" —" 77 fee 


* Red sensitive plate. 
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corrections to these elements was made, and Table XI gives pre- 
liminary elements, corrections, and corrected elements. The ele- 
ment called y in this case must be considered as a correction to the 
corresponding to the short-period orbit, so that the velocity of 
the triple system is the sum of these two gammas. 

The lower part of Figure 4 shows the curve defined by the cor- 
rected elements of Table XI and the normal points from which it was 
derived. It is doubtful whether these elements are quite right, but 
the limited data hardly warrant further refinement. 


TABLE XIII 
Norma Praces; B.D.+57°2309; P=5941364 


Velocity 
No. Phase pe pace o-C Wt. ep tag 
Oscillation 
km/sec. km/sec. 
TN cseaci Saks 01118 +13.3 + 7 2 21, 24 
Died ast 0.795 —28.7 + 2 5 8,10, 14, 255.27 
seas isistenars 0.986 —38.0 — I 2 35,41 
Asters ais a 6% I.054 —43.4 — 3 3 Peck 
i iitet a ene 1.796 —48.0 fe) 2 36, 39 
One 1.860 —44.2 + 4 6 Q; Ei, 1522720,.25 
) SORE DE 23152 —5 2.0 — 6 I 6 
SOI eae 2.620 —32.7 fe) 4 12, 16,17, 18 
Ontereunsicia 2.740 —29.7 I 2 37,42 
LOS Sets sie e% 3.693 — 0.7 8 4 D3 ,y10, 20; 23 
Ua Aeris 3.758 =. Oso ° Z 29, 30 
Tp ies 4.088 +26.4 + 6 4 31, 32, 38, 40 
IE Bi ohaiais as 4.548 +28.4 ae 2 Cesc 
TAs sins aia?9l.¢ 5.391 Sie oes, nity 2 33, 34 


The lower curve in Figure 4 was then used to derive the correc- 
tions to the observed velocities to free them from the superposed 
long-period variation. Table XII gives the various data for the 
forty-two plates. The phases depend on the finally adopted elements 
of the short-period orbit; the corrections in the sixth column are 
those just referred to. The residuals are scaled from the upper part 
of Figure 4. 

The assembly of the corrected velocities based on P=5%41364 
was so satisfactory that the period could be assumed to be known. 

On account of the rather low weight for a single observation, 
it seemed best to form normal places, a procedure which also greatly 
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diminished the labor of correcting the preliminary elements. These 
normal places are given in Table XIII. The weights are equal to the 
numbers of plates forming a normal. The phase and residuals refer 
to the final elements. 

The freehand curve drawn through the plot of the normal places 
of Table XIII, assembled with the period 5.41364 days, gave by Rus- 
sell’s method a set of preliminary elements, which, as in the other 
case, were once corrected by least-squares. Table XIV gives the 
preliminary elements, corrections, and corrected elements. In this 


TABLE XIV 


B.D.+57°2309—ELEMENTS OF SHORT-PERIOD VARIATION 


Preliminary Elements Corrections Adopted Elements 
| Beers ba RI SPR eT RON CO ceri 52141364 
Coe cote o.10 +o.014 O.114 
Wi ssiceheore sins 63°5 —5°0 58°5 
| ee eer AT. —1.3 40.0 km/sec. 
o Bete eI J.D. 2423635 .137 +0.003 3035.140 
yn mea —11.3 +0.2 —11.r km/sec. 
ESN Biers shared epic rea i savat Rs TH he ho Stn 2,959,900 km 
ms sins ¢ 
(Om R te tae neg lau as 0.0353 © 


case, the corrections are satisfactorily small. By combining the y 
thus derived with that from Table XI, the velocity of the triple 
system is found to be —17.2 km/sec. 

The values for a sin i and the mass function have both been 
added to Tables XI and XIV. In the former, M, is the mass of the 
third body, and a and K refer to the semi-major axis and pro- 
jected semi-amplitude of the velocity variation of the pair of stars 
forming the short-period system about the center of gravity of the 
triple system; and M is the combined mass of the two stars forming 
the short-period system and therefore the sum of m and m, which 
appear in Table XIV. If we assume that the mass of the primary 
in the short-period system is twice that of the secondary and that i, 
the inclination of the orbit plane to the plane normal to the line of 
sight, is the same for both orbits, it is readily shown that we are 
dealing with moderate and entirely reasonable masses, whatever 
the value of 7 between 30° and go®. Further discussion of this point 
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is hardly warranted, since the assumptions have no observational 
foundation. 

The last column of Table XII gives the velocities derived from 
the H and K lines of calcium whenever these lines have been of satis- 
factory quality for measurement. There is considerable range in 
these velocities; but it has not been possible to find any smooth 
variation based on either the long or short period or a combination 
of the two. This does not preclude the possibility of periodicity, but 
the present data can be just as well represented by an invariable 
velocity whose apparent variability is only accidental. Hence the 
weighted mean is used as the best value of the velocity based upon 
the H and K lines, and this will probably not be far from the truth 
even if there is a periodic variation. This mean is —19.4 km/sec., 
which is not greatly different from the velocity of the triple -sys- 
tem,—17.2 km/sec., or from the reflex of the solar motion in the di- 
rection of this system, namely,—15 km/sec. If it may be identified 
with the velocity of the triple system, which seems reasonable, and 
if the source of the H and K absorption is assumed to be in the 
immediate vicinity of the system, which is closely surrounded by 
nebulosity, it would be natural to infer that the velocity of the 
triple system is also that of the nebulosity, and that such nebulos- 
ity has ionized calcium as one of its constituents. So far as known, 
the spectrum of the nebulosity is continuous in character. The so- 
dium lines D, and D, are present, a point of interest, because, except 
when these two lines manifest a behavior similar to the detached 
H and K lines, they do not ordinarily appear until later in the 
stellar spectral sequence. 

Since, as already mentioned in connection with 7 Orionis A, 
several spectroscopic binaries which have detached H and K lines 
also have detached sodium lines, a spectrogram covering the D 
region of B.D.+57°2309 was made on June 22, 1926. The photo- 
graphic density is such that the spectrum can be measured from K 
of calcium to the D lines. The strength of the D lines is in itself 
sufficient to show that these lines are of the detached variety, since, 
otherwise, they would be almost vanishingly weak, inasmuch as the 
spectrum of the star is B3. The measured velocities also support this 
conclusion. The epoch was so chosen that the star’s velocity was at 
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the maximum for both the short and long periods, and hence devi- 
ated a maximum amount from the velocity of the triple system. The 
velocities for the K line and for the D lines and the mean velocity 
from the remaining lines are —2, —1o, and +60 km/sec., respec- 
tively. The third velocity is to be compared with a computed 
velocity of +50 km/sec. The D-line velocity certainly differs mark- 
edly from this value, and is of the order of the previously deter- 
mined mean for H and K and of the value for the single K line on the 
same plate. The evidence from this single plate is therefore for a 
similarity in behavior between the sodium lines and the H and K 
lines. In order to settle the question definitely, however, more plates 
are needed, especially such as have a greater precision for the D 
lines. 
Mount Witson OBSERVATORY 
July 1926 
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MULTIPLETS IN THE SPARK SPECTRUM OF IRON 


By HENRY NORRIS RUSSELL 


ABSTRACT 

Analysis of the spark spectrum of iron.—All the lines of astrophysical importance 
have been classified with the aid of material prepared by Messrs. Merrill, Anderson, 
and Babcock. Multipleis belonging to sextet and quartet systems have been found. So 
far 214 lines have been grouped into 35 multiplets, involving combinations between 
16 terms. 

The state of lowest energy in the ionized atom corresponds to a °D-term, the next 
to a 4F’-term. The observed terms are in excellent agreement with the predictions of Hund’s 
theory, and are from the electronic configurations s?d5, sd°, d7, and d®p. Only the lowest 
terms of the quartet system out of a large number predicted have yet been found, and 
an intricate system of doublets should exist. This agrees with the fact that many lines 
are still unclassified. Work on this spectrum will be continued. 

An investigation of the enhanced lines of iron has been planned 
at this Observatory for some time. In connection with this, a list of 
all the iron lines which are known to belong to the spark spectrum 
was prepared by Mr. Merrill and Mr. Anderson, including the Zee- 
man effects as measured by Mr. Babcock, and used by the writer 
as a basis for an analysis of the structure of the spectrum. 

The starting-point of this analysis was found in two multiplets in 
the ultra-violet discovered at the Bureau of Standards’ which arose 
from combinations between a D- and D’-term of a sextet system 
((D and °D’), and of a ‘D- and ‘P-term of a quartet system. With 
these as a beginning, a considerable number of other terms was 
found, and practically all the enhanced lines in the visible and near 
ultra-violet region were classified. A summary of the results appears 
in the writer’s ‘‘List of Ultimate and Penultimate Lines,’ but the 
details have not yet been published. 

Many lines remain unassigned, and it is hoped to continue the 
investigation in the near future; but as practically all the lines of as- 
trophysical importance have already been classified, and there can 
be little doubt that the principal low energy-levels have been found, 

« Meggers, Kiess, and Walters, Journal of the Optical Society of America, 9, 371, 
1924. 

2 Mt. Wilson Conir., No. 286; Astrophysical Journal, 61, 274, 1925. 
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it seems desirable to publish the results thus far obtained, for the 
benefit of those who may be interested. 

The lowest energy-level of the ionized atom of iron belongs to a 
6E-term, which, with all the others so far found, is “inverted,” the 
component with the greatest inner-quantum number having the 
lowest energy. Next above this and very near it comes a 4F’-term, 
and then a 4D- and a ‘P’-term. These combine with terms of higher 
levels of types °P °D’ °F, ‘P 4D’ 4F, giving strong lines in the ultra- 
violet, which appear with considerable and often great intensity in 
the arc spectrum. 

The spark lines in the visible region arise from the combination 
of higher-lying quartet and sextet terms with the same two “triads” 
of terms which have just been mentioned, as is shown in detail in 
the tables. 

Table I gives the spectroscopic terms which have so far been 
identified. The notation is that now in general use, ‘P,; for example, 
denoting that component of a P-term of the quartet system which 
has the inner quantum number 3. Different terms of the same 
species are distinguished by letters a‘P, b‘P, etc., ‘‘a” denoting the 
lowest known term of the sort. The term values are counted upward 
from the lowest known energy-level, which appears to be much the 
best scheme when the ionization potential is unknown, and has much 
to recommend it as a permanent policy in the case of complex spec- 
tra. 

A list of the lines which have been identified is given in Table IT, 
which includes wave-lengths in I.A., intensities in the spark (from 
Merrill and Anderson’s list), wave-numbers, and the designation by 
means of the terms whose combination produces the line. 

The third column (O—C) gives the difference between the ob- 
served wave-length and that computed from the term values given 
in Table I. The agreement is very close, except for the lines in the 
extreme ultra-violet, which are taken from Bloch’s measures.' 
There is a systematic discordance of 0.10 A in this case, which, in 
view of the difficulties of exact standardization of measures of 
wave-length in this region, may be regarded as remarkably small. 

When more such groups of lines of predictable wave-lengths have 

* Comptes Rendus, 179, 1396, 1924. 
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TABLE I 
Fet+ Terms 
Type Term Combinations Type Term Combinations 
BABS clear 13474.36 | a4P a4D’ asF B05 Saat ok 23307. 0% 41 ace a®D’ aSF 
198.68 atD’ a4F 
Ftd ARE ounreeeas 13073 .04 
29F 70 ‘Dyer: aSP aSD’ aSF 
BAD ee aise 13904.74 oat ae ; Bs be 
6 
Dee mass 20830.44 | atP a4sD’ asF a®Dy.....-. es 
br ; 
273 tee se is a’Ds....... 667.05 
597.78 ‘:D ee 
Dibra ert 22409.71 ase 2-55 
II4.4I 
6 
BAD eee. 7955.24 | asP a4D’ asF a®Dx....... 976.96 
430.06 
fA Bae ae 8391.90 | a®P aSD’ a°F AAP eee oat 46967.29 | a4P’ bsP’ asD 
288.47 422.34 
GAD 8680.37 cd oP ee Ts 47389.63 | b4D 
160. 35 2306.29 
BD ene 8846.72 BaP vere ne 47625 .92 
Berg na eae et I ey cali 44446.81 | atP’ béP’ atD 
: 337.81 
ACs lies sa rd DY ae 44784.62 | b4D asF” bsF’ 
; 259.53 
biD, Fak Er eteay oo. asDi... Fes 45044.15 asG aSS 
162.23 
DID ieee: 31368. 30 Die tos 45206. 38 
ED tsar 1872.56 | a4D’ atF biF 
557.00 CTS OC eee 44232.52 | a4P’ bsP’ asD 
Cd Vie epee 2430.16 | aD’ aSF 521.20 
407.75 Ghd Wioeae arerac 44753.72 | b4D ask’ béF’ 
hd eee ee 2837.91 326.05 
270.58 EA eset As 45079.77 | a4G aSS 
Bale ata 3117.49 209.99 
DAM as on 45289. 76 
JO Te oS Sona 22637.15 | asD’ asF biF 
EY... oe 2 ee 6569.28 | béD atk bef” 
8 I.03 
in ae Soot od and ieee 66376.91 | a4G 
ae ee ee 30.32 
Od me ogc 23031.25 ie : 234.54 
4 
aiGg....... 25428.78 | a4D’ atF b4F ia oes ies | 
376.43 
BAG earn 25805. 21 BOP parecer 42658.26 | a°S a®D asD 
176.30 580.26 
at Gye a ences 25981 .51 ae Pet cn: 43238.52 
73.84 382.46 
BAG cles 26055.35 EA BS cured 43620.08 
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TABLE I—Continued 


eee 
——_————— rae 


Type Term Combinations Type Term Combinations 

EAN Ds Aaanete 38458.88 | a®S a®D a4D AD ig ada ao 41968.05 | a°S a®D atD 
201.05 146.78 

= Beene 38659.93 | a4F” aob ea eta 42114.83 | atF’ 

198.01 122.17 
alee ree 38858. 84 OR enter 42237.00 
154.19 07.62 
FADD Se ase 39013 .03 ao Keema 42334.62 
96.10 66.58 
BoD ener 30109.13 IS eo cis Oc 42401. 20 
38.51 
Ed eeeree 42439. 71 


been found, the problem of obtaining accurate standards in the 
Schumann region will be practically solved. 

A number of lines in the red which fall exactly in the positions 
predicted by the combination principle, but have not been recorded 
in the laboratory, have been taken from the solar spectrum, in which 
they are readily distinguished by the fact that they are greatly 
weakened in sun-spots. These lines are indicated by an asterisk (*) in 
the intensity column. They are all faint. This behavior is character- 
istic of enhanced lines and suffices to show that they belong to a 
spark spectrum of some sort. The excellent agreement with the com- 
puted wave-lengths indicates that they are due to iron. 

A few words may be added on the theoretical significance of these 
results. 

According to Hund’s theory,’ which gives a remarkably com- 
plete account of the structure of all spectra to which it has been ap- 
plied, the more complex spectra arise from the combined action of 
all the ‘‘outer”’ electrons on the atom (those which do not belong to 
complete groups or “‘shells”). Each of these electrons may be de- 
scribed in the usual way by the quantum number of its orbit, e.g., 
41, 42, 33, Where the large figure denotes the total and the subscript 
the azimuthal quantum number, or by the equivalent notation 4s, 
4p, 3d, which describes the type of spectroscopic term which would 
be produced by such an electron if acting alone (as in the cases of K, 
Cat, etc.). 

To a given configuration of electronic orbits in the atom corre- 

t Zeitschrift fiir Physik, 33, 345, 1925. 
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1566. 
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TABLE Il—Continued 


r Int. pee pv Vac. Multiplet 
WEEE COs aren suas i + 1 I3301.50 b’D,—a4D$ 
Ga ALO, Tae s «, +5 13270.53 b‘D,—a'‘F, 
ORBEA Anes ooNA + 3 13058.94 b4‘D,—a4D) 
Fit pW fet arr es > + 3 12963 .66 béD,—a‘D{ 


* (In intensity column) Not recorded in laboratory spectra, but present in the 
solar spectrum and weakened or absent in the sun-spot spectrum. 


+ Blend with Fet. 
§ Blend with Fe. 


|| Blend with arc line? Spark line should be at \ 3192.605 or mistake in identi- 
fication. Z.E. is correct for spark line. 


t May be masked by Cr. 


spond not one, but many spectroscopic terms, which owe their differ- 
ences presumably to different quantized orientations of the various 
orbits in space. What terms correspond to any given electronic con- 
figuration may be worked out on Hund’s principles. 

The singly ionized atom of iron contains seven electrons outside 
the complete ‘‘argon-shell.”’ In the states of lowest energy these will 
be in 4s or 3d orbits—the state in which there are two of the former 
and five of the latter being represented for brevity by s?d°. 

The spectroscopic terms resulting from these states, according to 
Hund’s theory, are as follows: 


Sextets Quartets Doublets 
SI LS HEREC LS ciorere & S P’DE’G SDF’GI, P’DF’GH’, D 
SCORE ees str on D DeP RP DE GH! SDF’GI, SDG 
CaM CR Se ne eo cle ease iPpiBY PDH GHSD 


According to Hund, among the terms arising from a given con- 
figuration, those of the highest multiplicity will be the lowest. The 
°J)- and °S-terms may therefore be assigned with certainty to the 
configurations sd° and s*d°. The lowest *F’- and *P’-terms may be 
assigned with practically equal certainty to d’—the principal ground 
for this being comparison with terms arising from similar configura- 
tions in the spark spectra of V, Cv, and Mu, which show that the 
configurations d"** and sd? always give terms at nearly the same 
energy-level. The higher quartet P’DF’G-terms probably arise 
from sd°, 
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None of these terms should, theoretically, combine with one an- 
other to give spectral lines, but all of them should combine, when 
the inner-quantum rules allow, with the terms arising from the con- 
figurations d‘p, etc. The combinations °S—°D’, °S—‘F are instances 
of this. The number of such terms is very great. The configuration 
d’p alone accounts for the following: 


Type S! P D’ F G’ H ily q 
SEXEETS pen es enact [icra I I TS Siateis | ote ss iowexs co [leet 
@uartetse.. ners 2 4 6 5 4 2 I 
Doublets sce. seer 2 TiAl welel|! X65 TP 2 I 


The three observed sextet terms are of just the types predicted. 
Three of the quartet terms, which appear in most of the combina- 
tions, form a similar “‘triad’”’ and are probably very closely related 
to the sextet terms, having as limits the same term, *D, in the Fe 
III spectrum. From what arrangement of orbits the other 4F-term 
comes cannot yet be stated. 

So many more terms are predicted, even by this one electronic 
configuration, that it is not surprising that there are many unclassi- 
fied lines. The doublet system, which has not yet been unraveled, 
should be extremely intricate. It is practically certain that the levels 
predicted and not yet found lie higher up than those so far known, 
and give lines well out in the ultra-violet. A full analysis of this 
spectrum will probably demand complete lists of spark lines in the 
region from 2200 onward. The observed energy-levels are just 
those which might have been anticipated on the basis of Hund’s 
theory as giving the most prominent lines. The only point of unusual 
interest is that three different electronic configurations, s*d5, sd°, d’, 
appear to contribute to the production of the low terms. In the 
spark spectra of the preceding elements of this period, so far as 
known to the writer, only the configurations sd" and d"*? produce 
such terms. 
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THE ABSOLUTE MAGNITUDES AND PARALLAXES 
OF 410 STARS OF TYPE M 


By WALTER S. ADAMS, ALFRED H. JOY, anp M. L. HUMASON 


ABSTRACT 


Spectroscopic absolute magnitudes of M stars—Magnitudes and spectral types have 
been determined for 410 M-type stars (Table I). Nearly all Boss stars north of —30°, 
several stars from the Selected Areas, and about 100 dwarf stars of this type have been 
included. The stars were classified from Mo to M7 on the basis of the titanium bands. 

The absolute magnitudes were determined according to methods previously em- 
ployed with the aid of additional lines and new reduction curves. \\ 4077, 4207, 4215, 
4258, Hy, 4389, 4489, and H@ were used for giants and dd 4318, 4435, 4454, 4535, 4586, 
and 4607 for dwarfs. The reduction curves were calibrated with the aid of mean paral- 
ee from peculiar motions for the giants and trigonometric parallaxes for the 
dwarfs. 

Twenty-eight stars are brighter than —1.0 mag. and are called “super-giants.”’ 
The ordinary giants show very little dispersion in absolute magnitude. The dwarfs 
vary with advancing type from +7.0 to +12.5 mag. Figures 1 and 2 indicate the 
relationship between type and absolute magnitude. 

The mean difference between the spectroscopic and the trigonometric parallaxes 
is less than o”oo1 for 71 giants. For dwarfs the mean difference is o’002. The absolute 
magnitudes of 165 giants average o.4 mag. brighter than those previously published in 
a list of 1646 stars. A comparison with Young and Harper, and with Rimmer, shows 
the Mount Wilson values to be fainter by 0.8 and 0.7 mag., respectively. 


During the past few years we have made a special study of the 
absolute magnitudes and spectral types of the stars of type M, 
including those with either giant or dwarf characteristics of spec- 
trum. We have now completed observations of essentially all the 
stars of this type in Boss’s Catalogue north of —30° of declination. 
In addition we have included in our investigation numerous stars 
listed as K5 in the Henry Draper Catalogue, but classified as of type 
M according to our system, several stars observed in the Selected 
Areas, and about one hundred dwarf stars of the eighth and ninth 
magnitudes, visually. The dwarf stars were, of course, selected on 
the basis of proper motion, but no selection was made in the case 
of the giant stars except that of apparent magnitude. 

The system of classification employed is that adopted by the 
International Astronomical Union on the recommendation of the 
Committee on the Spectral Classification of Stars. It is based almost 
entirely on the intensities of the bands of titanium oxide, only minor 
consideration being given to other features of the spectrum. The 
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stars are listed as Mo, M1, M2, etc., according to increasing intensi- 
ties of these bands. It is well known that many of the long-period 
variable stars of class M show a much more advanced type of 
spectrum than the normal stars of this class. Accordingly, since the 
system of classification is designed to include these variables, no 
stars of type more advanced than M6 or M7 are found in our list. 
The great majority of the stars are of types Mo—M4. In the case 
of the dwarf stars it seems probable that those of type later than 
Ms would be so faint apparently that they could hardly be observed 
under present conditions.’ 

The method of deriving the absolute magnitudes of the giant 
M-type stars listed in the catalogue of 1646 stars? published several 
years ago was described as a provisional one based on the comparison 
of the intensities of two or three pairs of lines with those of certain 
standard stars. With the increase in the amount of observational 
material it has become possible to calibrate new reduction curves 
for the separate spectral subdivisions by the aid of mean parallaxes 
derived from peculiar and parallactic motions. An examination of 
the spectra of some of the stars of exceptional absolute magnitude, 
such as a Orionis for example, has increased the list of lines suitable 
for determinations of absolute magnitude and should add materially 
to the accuracy of the values. For giant M stars the low-tempera- 
ture lines of iron at AA 4207, 4258, 4389, and 4480, together with the 
hydrogen lines Hy and 8, and the ionized strontium line at \ 4077, 
have proved most useful. The ionized strontium line at \ 4215 has 
been used occasionally but is complicated by the presence of a low- 
temperature iron line nearby. For dwarf stars calcium lines at 
dA 4318, 4435, 4454, and 4586, the titanium blend at \ 4535, and the 
low-temperature strontium line at \ 4607 have been used success- 
fully. The calibration of the reduction curves for the dwarf stars has 
been made by the aid of trigonometric parallaxes which give by far 
the most accurate values for such stars. 

The determination of the preliminary reduction curves for the 
individual lines in the spectra of giant stars was made about a year 
ago and was based upon mean parallaxes derived from the paral- 

* Publications of the Astronomical Society of the Pacific, 37, 157, 1925. 

? Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 192t. 
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lactic and peculiar motions of the stars observed up to that time. 
Since the radial velocities of these stars are fairly large on the aver- 
age, the values derived from the peculiar motions were assigned a 
much higher weight in the solution. Trigonometric parallaxes were 
not used in this calibration. Preliminary values of the absolute 
magnitudes of all the stars in the list were determined from the 
reduction curves obtained in this way, and then the entire material 
was rediscussed and the corrections to the preliminary system were 
calculated. The method is simply one of successive approximations. 
In nearly all cases the corrections were found to be a few tenths of 
a unit in absolute magnitude, the largest values applying to the 
brightest stars or “super-giants,”’ for which the material available 
for calculating mean parallaxes is necessarily scanty. The correc- 
tions derived from the final computation were then applied to the 
preliminary values, and the resulting absolute magnitudes are those 
listed in our Table I. The extensive calculations involved in the 
determination of the mean parallaxes were carried out by Dr. Strém- 
berg, to whom we are indebted most deeply. 

The method used by Strémberg in deriving the corrections to the 
provisional system of absolute magnitudes was to divide the stars 
into groups of different absolute magnitude (as based on the provi- 
sional values) and different spectral subdivisions, and to calculate 
the average peculiar radial velocity @ and the solar motion from the 
radial velocities of the stars in each group. The peculiar motions 
were found to give very consistent results for the mean parallaxes 
computed from the proper motions in right ascension and declina- 
tion as well as from the r-component. The values of 6 vary but 
little, in general less than 0.5 km/sec., so that the mean parallaxes 
derived from the peculiar motions appear to be very reliable. They 
have been corrected for a mean error of +0"004 in the proper-motion 
components, but even were the error twice as great, the effect upon 
the absolute magnitudes would be small. 

On the other hand, the mean parallaxes of these groups of stars 
derived from parallactic motions are very uncertain, the results from 
proper motion in right ascension and declination differing by as 
much as 0”004 in some cases. The mean parallaxes from parallactic 
motions are systematically smaller than those derived from peculiar 
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motions, the difference being 0’0022 for the group of brightest stars, 
and o”oor6 for the ordinary giants. These would correspond to dif- 
ferences of 1.0 and o.5 in mean absolute magnitude. No explanation 
can as yet be given for this discrepancy, which has been found 
to exist in the case of some other stars, such, for example, as the 
long-period variables. Because of the uncertainty in the values de- 
rived from parallactic motions, the mean parallaxes and absolute 
magnitudes calculated from peculiar motions have been used ex- 
clusively in calibrating our final reduction curves, and this considera- 
tion should be borne in mind in making comparisons between our 
results and those of other observers who have used mean parallaxes 
based largely upon parallactic motions. 

The successive columns of Table I give the data.for the stars 
observed. Those listed in Boss’s Preliminary General Catalogue are 
given by number with no further designation. Because of the con- 
venience and accessibility of Porter’s ‘‘Catalogue of Proper Motion 
Stars,’ Publications of the Cincinnati Observatory, No. 18, most of 
the dwarf stars have been listed according to their numbers in this 
catalogue. The visual apparent magnitudes are given under m, the 
values being taken, where possible, from the Henry Draper Catalogue. 
The spectral types are the means of our own determinations, and the 
total proper motions yw are mainly from the catalogues of Boss and 
Porter. The remaining columns give the absolute magnitudes M, 
the corresponding parallaxes, and the trigonometric parallaxes com- 
piled by Schlesinger in his Catalogue of Parallaxes, 1924. 

Although for the sake of uniformity all the spectroscopic paral- 
laxes have been given to three places of decimals, attention should 
be called to the very marked difference in the influence of an uncer- 
tainty in the absolute magnitude on the parallaxes of giants as com- 
pared with dwarf stars. As an illustration, if we select two adjacent 
stars in the list, Boss 40 and Cin. 25, we find that an error of 0.3 
in the absolute magnitude would affect the parallax of Boss 40 by 
o”0005 and that of Cin. 25 by 0%043. The apparent magnitudes of 
the fainter dwarf stars, and especially of the components of visual bi- 
naries, are also subject to serious uncertainties which enter directly 
into the calculation of the spectroscopic parallaxes. Additional 
photometric observations of these stars would be of great value. 
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Name a 1925 5 1025 m Sp. B M | Spec. x} Trig. x 

570 aha7mg |—22° 53’) 6.4 | M2 | o%o44/+ 0.1] ofoos]....... 
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An examination of the absolute magnitudes of the giant stars 
listed in Table I shows that the mean value is about —o.2, with some 
of the brightest stars ranging nearly to —4.5. The faintest of the 
giant M stars of early type is +0.7, and the brightest of the dwarf 
stars +7.0, thus leaving an interval of 6.3 mag. within which no 
stars are found. For stars of class Ms or later this interval increases 


Abs. 
Mag. 


I2 
II 


Io 


Mo Mr Mz M3 M4 Ms M6 


Fic. 1.—Absolute magnitudes and spectral types of dwarf M stars 


to 11.0 mag. The mean absolute magnitude of the long-period vari- 
ables as determined by Merrill and Strémberg is in good agreement 
with our values for the M stars of advanced type. 

The giant stars show little variation in mean absolute magnitude 
with spectral type, while the dwarfs decrease rapidly in luminosity 
as the type becomes more advanced. This characteristic of dwarf 
M stars has been noted by us previously, and reference has been 
made to the possibility it affords of deriving the parallaxes of faint 
stars of this type from spectrograms of very low dispersion. A dia- 
gram showing the absolute magnitudes of the dwarf stars of Table I 
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plotted against spectral type is given in Figure 1. The corresponding 
mean curve is given in Figure 2. It seems clear that in the case of 
dwarf stars of the more advanced types, at least, a very fair approxi- 
mation to the parallaxes may be derived from the estimation of 
spectral type and the assumption of a constant absolute magnitude 
for each type. Among the dwarf stars smaller dimensions appear to 
accompany lower temperatures and to lead to decreased luminosity, 


Abs. 
Mag. 
12 


II 


Io 


Mo Mr M2 M3 M4 Ms M6 


Fic. 2.—Normal points and plot of absolute magnitudes and spectral types of 
dwarf M stars. 


while among the giants the reduction in temperature is compensated 
by increase in size. 

Twenty-eight stars in the list have absolute magnitudes brighter 
than —1.0, and may for convenience be called “‘super-giants.”’ 
Among them are a Orionis, a Scorpii, a Herculis, and several red 
variables in the # and x cluster in Perseus. These intrinsically 
bright stars show a pronounced angular galactic concentration in 
conformity with the behavior of the brightest stars of other spectral 
types, although, as is well known, the M-type giants in general show 
no such effect. The average galactic latitude of these twenty-eight 
stars is 7°, only five stars having values above 10°. 
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Three of the super-giants belong to the W Cephei type of vari- 
able, and have spectra which show bright lines of hydrogen, as well 
as certain unidentified emission lines. Seven stars, of which four are 
irregular variables, are shown by their radial velocities to be mem- 
bers of the double cluster in Perseus. A parallax of between o‘oo1 
and 0002 is indicated by these stars. It is of interest to note that 
the mean proper motion of the seventeen super-giants for which 
values are known is only o”017, a value considerably smaller than 
that for the ordinary giants. 

An outstanding feature of the absolute magnitudes of the giant 
stars other than the super-giants is their small dispersion. If this 
were due to any failure on the part of the spectral criteria to show 
differences of absolute magnitude among these stars, it, would cer- 
tainly be expected to show for the brightest stars as well. The 
spectral differences, however, between the ordinary giants and the 
super-giants are well marked. A comparison of the mean absolute 
magnitudes of groups of stars of different reduced proper motion 
H=m-+5 log u shows a fairly regular though small increase in 
luminosity with decrease in H. A similar comparison of H with 
mean absolute magnitude derived from trigonometric parallaxes, of 
which about fifty are available, gives quite comparable results, and 
shows that trigonometric parallaxes also indicate small dispersion 
in absolute magnitude among the ordinary. M-type giants. Since 
the reduced proper motion # is a simple function of absolute magni- 
tude and linear cross-motion, it is evident that the observed disper- 
sion in H, which is not very large, may be accounted for by a con- 
siderable dispersion in linear cross-motion and little dispersion in 
absolute magnitude. The large dispersion in radial velocity observed 
among the normal M-type giants, larger than for any other class of 
giant stars, would indicate a similar dispersion in linear cross-motion 
and would be in excellent agreement with this view of a small range 
in absolute magnitude. 

There are seventy-one giant stars in the list for which trigono- 
metric parallaxes have been measured. Of these, sixty-seven are 
found in Schlesinger’s Catalogue of Parallaxes and have been correct- 
ed for systematic errors on the basis of the system derived by him. 
The direct comparison of the spectroscopic and trigonometric paral- 
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laxes of these stars shows an excellent degree of agreement, the mean 
difference being less than o”o01, and the average deviation between 
0”008 and o%00g. Since the reduction tables from which the spectro- 
scopic absolute magnitudes and parallaxes are calculated were based 
on results derived from peculiar motions without any use of trigono- 
metric parallaxes, this agreement affords important evidence for the 
accuracy of the system employed. 

In the case of the dwarf stars the trigonometric parallaxes have 
been used exclusively in the derivation of the reduction curves, and 
close agreement of the mean results is to be expected. A comparison 
of sixty-four stars shows a systematic difference of about o’%002, the 
trigonometric parallaxes being the larger. This would correspond to 
considerably less than o.1 in absolute magnitude. 

Several stars among the dwarfs for which no trigonometric paral- 
laxes have been measured are found to have values of o’1 or larger. 
These are Cin. 251, Cin. 456, B.D. +63°869, Cin. 1633, 8G.C. 6710N, 
B.D.—7°4003, B.D.—12°4523, Wolf 636, B.D.+45°2505, B.D. 
+43°4305, Cin. 3001, and B.D.+45°4378. If the spectroscopic paral- 
laxes of B.D.—7°4003 and B.D. — 12°4523 are confirmed by observers 
of trigonometric parallax they will be among the nearest known 
stars. 

There are 155 giant stars in Table I which were included in the 
list of 1646 stars for which absolute magnitudes were published by 
us in 1921.7 The present values are o.4 mag. brighter on the average, 
a result which is quite satisfactory in view of the low weight of the 
earlier determinations. A similar comparison has been made for 
eighty-six giant stars common to our list and that of Young and 
Harper.? The Mount Wilson values are, on the average, nearly 0.8 
mag. fainter than the Victoria results. The agreement is much better 
for the early than for the later subdivisions of type, the differences 
becoming progressively greater and amounting to as much as 1.5 
mag. for the relatively few stars of classes M5 and Mo. The explana- 
tion is probably to be found in the variation with spectral type of 
the intensities of the lines used for determinations of absolute 
magnitude. 

1 Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 


2 Publications of the Dominion Astrophysical Observatory, 3, No. 1, 1924. 
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A result similar to that obtained from a comparison with the 
Victoria values is found for the absolute magnitudes published by 
Rimmer. The Mount Wilson values are slightly less than 0.7 mag. 
fainter for forty-seven stars observed in common. For stars of classes 
Mo and Mr the difference is 0.2 mag., but for the more advanced 
types the average difference is nearly a magnitude. 

The present investigation has given no evidence of the existence 
of stars intermediate in absolute magnitude between the giants and 
the dwarfs, or of spectral types intermediate between these radical- 
ly different spectra. In the case of dwarf stars which are observed 
because of their large proper motions, the effect of selection must 
necessarily be present, and if dwarf stars somewhat brighter than 
7.0 in absolute magnitude exist, they may not have been detected 
because they are not included on our observing lists. For the giant 
stars, however, no effect of selection according to proper motion 
is present. If we may assume that the M stars given in Boss’s 
Catalogue are complete to apparent magnitude 6.5, we find accord- 
ingly that no star of absolute magnitude 3.0 can be present within 
a distance from the sun defined by a parallax of o%020, and no star 
of absolute magnitude 2.0 within a distance defined by a parallax 
of ofo13. The results for a considerable number of stars of fainter 
apparent magnitude, observed mainly in the Selected Areas, add 
strength to this conclusion, and make the existence in appreciable 
numbers of stars of intermediate absolute magnitude or spectral 
type exceedingly improbable. 

Mount WILson OBSERVATORY 


August 1926 


* Memoirs of the Royal Astronomical Society, 64, Part 1, 1925. 
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THE DWARF COMPANION TO CASTOR AS A 
SPECTROSCOPIC BINARY AND 
ECLIPSING VARIABLE 


By ALFRED H. JOY anp R. F. SANFORD 


ABSTRACT 


Spectrographic observations —The spectral type of Castor C is dMre. Ha, HB, Hy, 
H6, and H and K of calcium are present as emission lines. In 1916, the star was found 
to be a spectroscopic binary, both bright and dark lines being double, and both spectra 
being nearly alike, except that one was somewhat stronger than the other. The period 
was found to be 0.814266 day, with no indication of eccentricity. Thirty-five spectro- 
grams have been obtained as listed in Table I. Spectrographic elements were deter- 
mined and corrected by a least-squares solution: e=o.0 (assumed); y=+4.3 km/sec.; 
K,=114.0 km/sec.; K,=126.7 km/sec. A comparison of the orbits of the system of 
Castor is given in Table III. 

The intensities of the two absorption spectra are in the ratio of 5:4. The emission 
lines seem to be stronger when on the side of greater wave-length. They give the same 
velocities as the absorption lines. The spectroscopic absolute magnitude of the brighter 
component is estimated from plates showing single lines to be 9.2, which corresponds to 
a parallax of 0083. 

Absolute dimensions.—With the aid of van Gent’s light-curve, photometric elements 
and absolute dimensions have been computed: a.=0.88; k=0.89; 1=86°4; a+a= 
2,700,000 km; 7;=0.76 ©; r2=0.68 ©; 1=0.63 ©; M2=0.57 ©} pr=I.4 O3 mp=1.8 O. 
The surface brightness of both stars is 3.6 mag. fainter than that of the sun. 


Star C of the system of Castor is distant 73’’ in position angle 
165°, and is known to have the same proper motion (0”207 in 248°) 
and parallax as Castor. The apparent magnitude being 9.0, it must 
have an exceedingly low intrinsic luminosity. 

The first slit spectrogram was made on March 15, 1916, and 
revealed the presence of two closely similar spectra showing absorp- 
tion and emission lines whose characteristics are discussed in detail 
in another section of this paper. This first plate showed a large 
difference in wave-length between the two sets of lines, which, 
interpreted as a Doppler shift, indicated large orbital velocity. Sub- 
sequent observations gave spectra which confirmed this interpreta- 
tion. The stellar magnitude of C is such that most of the spectro- 
grams were necessarily made with a one-prism spectrograph 
equipped with a short camera giving a dispersion of 75 A per milli- 
meter at Hy. The difficulties caused by the superposition of two 
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spectra are therefore enhanced by the small dispersion, which makes 
for relatively low accuracy in the determination of the radial ve- 
locity. As far as can be judged from our measures, there seem to be 
no grounds for treating the velocities from the emission lines differ- 
ently from those depending upon the absorption lines. 

Observation of the separations of the lines of the two spectra 
upon successive nights for a considerable time gave the impression 
that the changes took place in a period slightly over four days, with, 
however, some disquieting inconsistencies. Pairs of plates from the 
same night were then made to test for a shorter period, with the re- 
sult that, on the second attempt, the two plates, C 3718 and C 3721, 
whose mid-exposure times differ only 0.211 day, showed a totally 
different arrangement of the lines of the two component spectra. 
In the first case, the lines were single; and in the second, double, 
the indicated difference of velocity being about 230 km/sec. Evi- 
dently a period much shorter than four days had to be looked for, 
unless the velocity changes departed greatly from a sine curve. 

Thirty-five spectrograms of a varied but still usable quality have 
been made as listed in Table I. Plates on which the lines of the two 
components are blended give, of course, but one velocity. Such 
velocities are entered in the column for the primary, but should be 
understood to be measures of plates whose lines could not be re- 
solved. Except the first three plates, which were obtained with the 
60-inch reflector, all exposures have been made with the 100-inch 
reflector. 

The assumption that the velocity variation takes place in some- 
what less than a day resulted in a satisfactory grouping of the ob- 
servations about a single epoch with a period equal to 0.814266 
day. More than forty-five hundred revolutions of the stars in their 
orbits are covered by the observations. Those velocities which are 
critical for a test of the correctness of the period can hardly admit 
of a shift of 0.05 day, which sets the upper limit of inaccuracy in the 
period at about o.oooo1 day. 

The freehand curve drawn through the observations plotted to 
one epoch indicated that the orbits might be assumed to be circular. 
Elements have been derived by a graphical method. The epoch 
from which the phases have been reckoned is the time of zero ve- 
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locity of the components when the more massive star is passing 


from recession to approach. 
TABLE I 


OBSERVATIONS OF THE COMPANION TO CASTOR 


| VELOCITY O-—C 
Pirate No. DATE G.M.T. PrAse: | - 3, te oe tee 
Prim Sec. Prim. Sec 
km/sec. km/sec km/sec km/sec 
y 4678....| 1916 Mar. 15 | 16555™ | of583 | +100 | —130 —18 —10 
AOS2 tens Mar. 16 | 17 59 .812 =A 20) So tatrontn liana titiss a | aocetce eps 
ATABs. crs Apr. 16 | 16 07 RAne Wier TO | crast cyte ars |stapite cree lacie e aeetens 
C 240....| 1920 Jan. 14 | 23 04 . 304 — 40 + 82 + 8 —1I3 
2020os Jan. 29 | 22 03 .602 +120 —Iir + 2 +12 
DIOR as Feb. 4 | 18 57 was oe rae a hae Ieee eter, co ES 
BOOS Mar. 6 | 16 30 :730 | + 58 — 68 —I4 + 4 
B20 meee Mar. 11 | 19 50 . 169 —r118 +124 —I2 — 2 
230. sak Mar. 12 | 18 36 «303 — 69 ies = pete! 1 
CU emer ADT, Ti) | x7 32 .130 — OF “r23 ae +12 
1634....| 1922 Mar. 21 | 20 00 POOSe Ue faenye Hiepcadtesse ace lneras oastaiote [ae peatere 
TOS8e a Mar. 22 | 18 12 sain to) —103 + 86 —18 —18 
ZA9O. ai) 1023, OCta ot °o 48 .079 — 57 + 98 +5 +21 
BOA sar: Nov. 21 | 19 38 . 108 — 59 +116 +21 +18 
BER oon INOW. 23:1) 025 .493 SOT Wa ieee lec mart aes arkocls 
2h Oqe Nov. 24 | 0 20 .678 +124 — 103 +21 + 2 
BR O0OMess Nov. 26 I 03 . 263 — 109 +130 — 2 +12 
AV hee cae Dec r73 |) 10.25 SOORe eats ALO" [i|feroretiers, catalan sesloiet ta | evar eee 
2683....} 1924 Feb. 16 | 20 07 OOD E | ee 2! ray eme seas |ioensteueasters| wore 
BTs2e | L025 Jan. 0 |@20 25 O80) Wetton sere sr i — 8 
31207, ste Jan. 10 | 20 30 .054 P=! T RO: | Monee ee Shyu le ennv ee acs, [eae em ene 
BL 20 ner. Jan. 11 | 20 14 231 —I12 +137 — 5 +9 
RUA ere Nan yersa|) coung: .60r +124 —118 + 6 + 5 
BTA Sane Janet to OF .639 +123 —II5 +9 + 5 
BIS 3 or Ac Beb.a2 | 2re25 293 — 83 807 =a on eat 
B22 uk Mar. 12 | 17 43 .683 OS — 108 — 6 — 7 
2280. May 7 | 16 05 -437 ats D Ti lite cutee chal | eeseraleas toa lkezeasyele okar 
BO001s..| 1620 Jan. 24° || 17°00 =275 —I07 +112 —13 fo) 
O00. Jan. 24 | 23 05 By 32 + 82 — 84 —I4 +16 
Bylo ante Feb. 27 | 15 25 .O10 Set mE sili Svorc ee Peicna | legmeebe ater eca | is ora scenes 
CU hens Feb. 27 | 20 28 1225 —104 | +129 + 5 —1 
ROA Feb. 28 | 16 20 2235 —I13 +115 -—7 —13 
Cy k terens Mar. 24 | 18 53 .716 ae yfe! —99 — 3 —17 
BUsOss as Mar. 29 | 17 53 .799 =p Ie oS dete! a] cram acres Meee 
Bone Apr. 26 | 16 18 | 0.232 — oI +132 +16 + 4 


Only results from plates giving the velocities of both compo- 
nents have been used to correct these preliminary elements. Twelve 
normal places were determined for each component, and with these 
a set of normal equations was formed in the manner described by 
Harper." In spite of very considerable disparity in quality, all indi- 
vidual velocities have been treated as of equal weight. 


t Publications of the Dominion Observatory, 1, 327, 1914. 
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The preliminary elements, the corrections, and the adopted 
elements are given in Table II. The value of [vv] for the normal 
places is 12 per cent less for the adopted elements than for the pre- 
liminary elements. 

According to H. D. Curtis,’ the velocities of the systems at and 
a? Geminorum are —o.98 and +6.20 km/sec., respectively. The 
same element for star C is +4.3 km/sec. We thus have similar prop- 
er motions, parallaxes, and radial velocities, indicative of the close 
relationship between stars A, B, and C. The function (@,+<a,) sin 4, 
the projected distance of the centers of the two components, is so 


TABLE IT 


ELEMENTS OF THE COMPANION OF CASTOR 


sien ht rnnae Adopted Elements 

Pe, Seger alane oi pare eee te ote | eterna me 0.814266 day 
1 Cane Mirren ae II7 —3.0 II4.0 km/sec. 
Keantca com tes 130 —3.3 126.7 km/sec. 
S Se ee EE OT 2423746.520|/+0.004 | 3746.524 

Sy et eee aoe oe +6 —1.7 +4.3 km/sec. 
(ata,) SITs Ae prin Sec eter onal | Airey acter 2 1695; 200 km 
Mig SIDS Ene toe aia Stee oie te | obade tenors 0.63 © 
eg SEE ake Mice Fave) teases ote oe | noe breeeete 0.57 © 


small that even for rather dense stars the conditions are favorable 
for eclipses, whose epochs should correspond to the times when the 
spectral lines are superposed. 

Figure 1, where abscissae are phases and ordinates, velocities, 
shows the computed velocity curves. The velocities as measured upon 
the individual plates are plotted as circles. The column headed 
O-—C in Table I gives the differences between the observed veloci- 
ties and this curve. The representation, although ragged, is about 
what may be expected from such spectra obtained with compara- 
tively low dispersion. 

It may be of interest to recall the various orbits involved in this 
system. The visual orbit of at about a, according to Burnham, is 
as yet quite indeterminate. It is certain, however, that its period 
is a matter of centuries, various computers deriving from 232 to 


t Lick Observatory Bulletins, 4, 55, 1906. 
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1000 years for this element. Each of the three stars is a spectro- 
graphic binary, but C is the only one that reveals the spectra of both 
components. A comparison of some of the characteristics of the 
stars and their orbits is given in Table III. The projected distance 
from AB to C is 1.43 X10" km (r=0%076), or g6o astronomical 
units. It is interesting to find that a sin z for the primary members 
of the spectrographic binaries a’ and a? is so closely the same as for 
the two components of star C. 


Tt SEC 0 ARY | 
ensec|] pine | 
e fe) 
+120 sale) ee one 
° ° | | 
+80 };— O—__ BS Ho > 1. 
| 
| | Sol 
+40 a t > = See 
| | 10 
| ae | fo} | | 
fo/tt, Se Se oe a a = == Go 
| | 
-40}; + 
Q Io b 
| 
-80 = a a o = | 
° ° g ie) 
~120 pect Boo | 
ce ee eet eae | 
0.0 O 0.2 0.3 0.4 0.5 0.6 0.7 0.8 00 


VELOCITY - CURVES. COMPANION TO CASTOR 
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THE SPECTRUM 


The spectra of the components of the companion C are unusual 
and interesting. Both spectra show on all plates taken when the 
separation between the components is sufficient. The spectral type 
is dMte with no certain difference in type between the components. 
The absorption spectrum pertaining to the more massive component 
is somewhat stronger than that of the less massive component, ap- 
proximately, in the ratio of 5:4. The stars belong to the small 
group of M-type dwarfs which show H and K and the Balmer series 
of hydrogen as emission lines. Bright Ha is present on one plate 
which shows the red portion of the spectrum. The hydrogen lines 
fall off in intensity from red to violet. No member of the series of 
wave-length shorter than Hé has been seen. H and K of ionized 
calcium are strong and sharp. All the bright lines give the same 
velocities as the absorption lines of the corresponding spectrum. 
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They double and become single with the absorption lines as illus- 
trated in Plate XI. 

The relative intensity of the emission lines of the two compo- 
nents varies in a marked degree. When they are on the red side, 
the lines of the more massive component are about twice as strong 
as those of the lesser component. When their positions are reversed, 
at the opposite phase, and the lines of the massive component are on 
the violet side, they no longer maintain their ascendency. They are, 
in fact, some 20 per cent weaker in the mean than the lines of the 


TABLE III 


COMPARISON OF ORBITS OF CASTOR 


AB (visual) A(a?) B(at) Cc 
SDECITUME wera | Series Here A3s A8s dMre 
2 ALE HE ES ET EE aCe rei cee ae oy fo} 2.8 9.6,9.8 
ATA a= 0076) ea eter See CE ee i. 4. 2.2 9.2,9.4 
tae eve en 232-1000 years 9.2 days 2.9 days o.8 day 
PRESS ALCO EE 0.4 0.5 0.0 0.0 
D GaAs Seana aie Pm A. Pees Se Alp re Sa 13.6km/sec.| 31.8km/sec.|{114.0km/sec. 
|126.7km/sec. 
Wa canta tote cer sires he ee +6.2km/sec.| —1.okm/sec.| +4.3km/sec. 
want a= /1/141,000,000km 1,485,000 km |1,279,000 km |{1,276,000 km 
seit is ae Ma ee | 76.4 ast. u. | 1,419,000 km 


other component. In other words, when the velocities are such as to 
separate the lines, the red member of the pair is, with one or two 
exceptions, the stronger. A bright line originating from a given 
component is relatively enhanced when it is on the red side, that is, 
when the star is receding from us. The cause of this peculiar phe- 
nomenon is not clear. There seems to be nothing in the structure 
of the lines themselves as observed with low dispersion to suggest an 
explanation. The effect is the same for all the bright lines observed. 
The absorption lines behave normally. It is possible that the effect of 
the rapid orbital motion in a resisting medium might be such as to 
cause the higher atmosphere which produces the emission.to be 
dragged behind. Thus, the receding star would show strengthened 
bright lines. 
ABSOLUTE MAGNITUDE 

The spectrographic absolute magnitude has been determined by 

the use of the dwarf curves for six lines. Eleven plates showing single 
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PLATE XI 


Ié Hy 


SPECTROGRAMS OF THE COMPANION TO CASTOR 


2 

) 0, single lines 

c) C3142, double lines, more massive component 
displaced to the violet 

d) C3145, double lines, more massive component 
displaced to the red 

e) C3718, single lines 


THE DWARF COMPANION TO CASTOR 7 


lines are available for this purpose. The resulting absolute magni- 
tude, which probably should be ascribed to the brighter star, is +9.2. 
The combined apparent magnitude is 9.0, which gives 9.6 and 9.8 
for the separate components provided that one is 25 per cent brighter 
than the other. The parallax is, accordingly, 07083. The value, 
0”076, given in Schlesinger’s catalogue as a mean of the trigono- 
metric determinations for the different members of the system, 
would correspond to an absolute magnitude of 9.0 for the brighter 
component. 


THE PHOTOMETRIC ORBIT AND ABSOLUTE DIMENSIONS 


After the preceding portions of this paper had been written and 
arranged for publication, the Bulletin of the Astronomical Institutes 
of the Netherlands, No. 97, came to hand. It contains an important 
communication by H. van Gent entitled “The Distant Companion 
C of Castor as an Eclipsing Variable Dwarf Star of Determinable 
Surface Brightness.”” Van Gent finds from photographic observa- 
tions that the companion to Castor is an eclipsing variable’ with 
equal minima. The period of the spectrographic orbit is confirmed. 
He makes use of a preliminary announcement? of early spectro- 
graphic observations to determine the absolute dimensions and other 
interesting physical conditions of the system. These results may 
be somewhat revised by applying the more complete data of the 
present paper. 

The light-curve is not sufficiently well determined to admit of 
definitive elements from the photometric observations. It seems 
clear, however, that the minima are approximately equal and that 
the maxima show no effect of ellipticity, such as appears when the 
stars are elongated in the direction of the line joining their centers. 

For uniformly illuminated disks with equal minima, the surface 
brightness must be the same for the two stars. The spectrographic 
observations confirm this conclusion. 

According to van Gent, the loss of light at the minima is 0.538 
mag., or 0.391 inintensity. From the strength of their spectral lines, 


t YY Geminorum, see Astronomische Nachrichten, 228, 353, 1920. 


2 Adams and Joy, Publications of the Astronomical Society of the Pacific, 32, 158, 
1920. 
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we estimate the light of the two stars to be in the ratio of 4:5. Then, 
for the same surface brightness, the radius of the smaller in terms of 
the larger, or & in Russell’s notation, is 0.89. 
From 
Toa 
ee 


Q@=I—Ay+ 


the fraction of obscuration is found to be 0.88. The light-curve 
indicates the duration of eclipse to be 0.12 of the period. 

With the aid of Russell’s Table I, 7; andz may now be found from 
the equations, 


cos? 7 cos? 6’-+sin 6’=73(1-+k)? 
cos? i=ri(1+kp)? . 


Thus, 


1= 8694, r= 0.107, Y2= 0.175 


A solution involving darkening at the limb gives values which 
are not essentially different from these results. In view of the large 
uncertainties of the light-curve, it seems hardly necessary to in- 
clude them here. 

Combining the photometric and spectrographic elements, we 
have the absolute dimensions: 


a;+42.= 2,700,000 km=o.018 ast. u. 
rr 530,000 km=o0.76 © 
To 472,000 km=0.68 © 


My 0.63 © 
Ma 0.57.9 
Pr ek ©, 
Pa 1.8 © 


The surface brightness is 3.6 mag. fainter than that of the sun. 

The interest attaching to a more exact knowledge of the dimen- 
sions and physical conditions of these dwarf stars would make a 
more complete photometric study well worth while. 


Mount WILSON OBSERVATORY 
August 1926 
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THE PHOTOGRAPHIC DETERMINATION OF STELLAR 
PARALLAXES WITH THE 60- AND 100-INCH 
REFLECTORS 


NINTH SERIES 
By ADRIAAN VAN MAANEN 
ABSTRACT 


Photographic parallaxes determined with the 60- and 1o0-inch reflectors —The de- 
tailed measurements are given for twenty-five fields, including twenty-nine stars and 
nebulae. The list contains six faint Wolf stars having large proper motions, Nos. 1056, 
II0, 437, 611, 612, 1106; the photographic absolute magnitudes range from +11.3 to 
+13.5. For B.D.—12°4523, which according to the B.D. Catalogue has a magnitude 
of 9.5, a parallax of +0”%350 was derived, giving it an absolute visual magnitude of 
-++12.2. The mean parallax for the four Cepheids, T Monocerotis, RS Boétis, Y Ophiu- 
chi, and Y Sagittarii, comes out slightly negative. For Nova Sagittae, No. 2, which is 
now of about fifteenth magnitude photographically, a parallax of +-o%013 was found; 
the star has a considerable proper motion for a nova, viz., +o%078 and —o"o16 in 
a and 6, respectively. 


The present paper contains the results for twenty-five fields, 
which have recently been measured for parallax. The work has been 
carried out in the same way as for the previously published series.” 

All plates were measured with the new stereocomparator. Table I 
contains the results of these measures; the last column indicates 
whether the plates were obtained with the 60-inch reflector at the 
Cassegrain focus (80 ft.) or with the roo-inch at the Newtonian 
focus (42 ft.). 

The necessary data for each field are collected in tables, which 
are arranged as in the Sixth, Seventh, and Eighth Series. For the 
thirteen fields taken with the 60-inch the mean probable error of the 
parallaxes of the central stars is 00065; for the twelve fields taken 
with the roo-inch, +o07%0127. This large error is partly due to the 
inclusion of N.G.C. 6891, for which the probable error is +07037. 
The result for this object deserves little weight, as the nebulosity 
immediately around the central star is quite bright and visible on 
all of the photographs. 

t Mt. Wilson Contr., Nos. 111, 1916; 136, 1917; 158, 1918; 182, 1920; 204, 1921; 
237, 1922; 270, 1923; 290, 1925. 
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Altogether twenty-eight fields have now been finished at the 
Newtonian focus of the roo-inch reflector. While this number is 
not large enough for a discussion of systematic errors, a few re- 
marks may be made about the accuracy that can be attained. The 
mean probable error for all twenty-eight fields is -o’o100. If we 


TABLE I 

1 Mount . No. | In- 

: Vis.Mag. : Relative 
a 1Igoo 5 1900 Wilson be P.E. | of |stru- 
Object 9 9 Harvard Spectrum Parallax a Exp. | ment 
Wole TORG hase eons 0533M2098|+30° 4’ I2.9* Ast +0%077 |+1%548 | 8 6 20 | 100 
WIGIEIREO ss ccke cones I 57 2 |+ 534 Esa Miele haere + .ogr |+2.326|/5 3 18 | 100 
BD e572 S66. ac aac 218 18 |+57 44 7.76 A 5s + .oor |+0.030 | 5 3 16 60 
BOSS O30 es wtarketne 3 58 47 |+21 49 4.50 Ko +> .043 |= 070 |r2 EE I4 60 
A.G. Berl. B 1366....} 4 8 37 |+22 6 8.oT Fo — .oor |+ .433 | 4 2 16 60 
SD Vari dav aseremee 4 16 10 |+19 18 Var. Ke — .007 |+ .o18 | 6 6 18 | 100 
Boss 1217 § 210 |+ 921 6.26 Go + .o40 |— .004:| 2 1 16 60 
T Monocerotis 619 490/+ 7 8 Var. G3p + .020 |— .008 | 5 2 16 60 
Lal. 15565 7 54 21 |+20 31 6.04 G7 + .o61 |— .149 | 4 2 18 60 
N.G.C. 3242 Io 19 58 |—18 8 I2,2* Pe§ + .03r |+ .022 113 7 16 | 100 
BOSS SOTA os cect ce II 22 42 |+ 3 33 6.19 Ko + .028 |— .720 |12 5 16 60 
BOSS SOILS sc serena ce IX 2 43 I+ 3 33 7.9 Ks + .070 |— .728 |13 6 12 60 
WY OLE 7 We earn, an eee I2 43 1 |+1018 SV EE | yaork + .106 |— .986/7 5 18 | 100 
Groom. 1969......... 13. 9 18 |+57 12 8.6 Gs§ + .048 |+ .o4r }18 12 18 60 
ASTGOM, TOTO} ca co cer 13. 9 31 |+57 14 6.74 Go§ + .046 |+ .128 | 9 6 18 60 
RS Bots aks aeaes es I4 290 17 | +32 12 Var F3 — .004 |+ .025 | 2 0 16 60 
RU Coronae ........ I5 31 21 |+26 5 AE T a bee Pas + .oor |— .004 |12 4 18 60 
WOME OTF: mas cates I5 52 15 |+ 5 25 S008: be erie + .030 |J+ .042 | 8 3 14 | 100 
WG OFS soi. Sete, I5 5217 |+ 5 26 PN i all (eee ct + .033 |-+ .053 |10 4 16 | 100 
Bid —=CAAS9S. panicles 16 24 45 |—12 24 9.5 Ms + .349 |— .064 |t7 16 16 | 100 
PAL STORE ere etree 16 59 51 |— 454 7.90 Ks + .185 |— .922 |26 15 18 | 100 
BR RETO. coco ears 17 0 2/— 455 Oust M3 + .112 |— .870 |27 15 18 | 100 
MC bINCH.. Scares 174717|— 6 7 Var cFo9 — .038 |+ .o16 | 9 6 16 | 100 
Bis Ate si ees 1% 454/+3 6 5.73 F4 + .o19 ,000 | 2 I 14 60 
WC MARIEATs fu. \ as 18 15 30 |—18 54 Var Gap + .o12 |— .o21 |10 5§ 16 | 100 
Nova Sagittae, No. 2.] 20 3 4 |+17 24 Re OM leet veraiy + .o1r2 |+ .078 | 5 4 16 | 100 
Dis OOO Tecnico 20 10 24 |+12 24 be td Pd§ + .017 |+0.008 137 25 16 | 100 
WOT TOG ., jaton. s 21 5 30 [+59 22 5 Yep tase (SEA ie a Pr + .039 |—1.040 | 3 3 16 60 
Beran Veet. ek 22 58 56 |+27 32 Var. M2 +0.007 |-+-o.17r |13 6 16 60 


_._ * These magnitudes are photographic, derived from counts of the number of stars of equal and 
brighter magnitude, and are based on Table IV of Gronigen Publications, No. 27. 


+ Magnitude from B.D. Catalogue. 
¢ Spectrum from effective wave-length by Max Wolf. 
§ Spectrum from the Henry Draper Catalogue. 


exclude N.G.C. 6891 for the reasons given above, and o Ceti for the 
reason that the results may have been vitiated by the close com- 
panion discovered by Aitken and Joy, the mean probable error of the 
twenty-six fields is +0%0080. For seven of these fields which have a 
considerable southern declination, the plates were taken through a 
color screen in order to avoid distortion of the images by atmospheric 
refraction. This has the disadvantage that, for the same exposure 
time, considerably fewer stars per given area are available for com- 
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parison purposes; accordingly, stars at greater distances from the 
center must be utilized. For these seven fields, N.G.C. 7293, € Scor- 
pli, Wolf 629, Wolf 922, N.G.C. 3242, B.D.—12°4523, and Y Sag- 
ittarii, the mean probable error is +0”0096, while for the other fields 
it is ++0%0074. That the increase in the probable error is probably 
due to the fact that stars at greater distances from the center had 
to be used may be seen from Table II, which gives the mean dis- 
tance of the comparison stars, the probable error of the parallaxes 
derived, and the numbers of fields used. 


TABLE II 
r Mean r P.E. No. 
213-3/9 ie +0%0070 v] 
4.0-4.9 AN .0060 5 
SOS 0) 535 .0080 sie) 
(Oh omer fos On7 +0.0122 4 


The following fields require special comment: 

a) Wolf 1056, 110, 437, 611, 612, and 1106.—All these stars have 
absolute magnitudes fainter than +10. In Table III are given the 
apparent photographic magnitudes as derived from counts of the 
numbers of stars of equal and brighter magnitude, together with the 
absolute magnitudes and proper motions. 


TABLE III 

Name Pg. Mag. a Abs. M be 
Wolf 1056.... 12.9 +o%o078 | +12.4 1"69 
PLO ne sc Tao .042 Ti 3 2.43 
AG a 3 27 PLOy, 12.8 TO 
Sitar. Ge 16.0 .032 Tes 1.54 
OW Seat 14.7 .032 Te 1.43 
TTOOr auere 13.4 +o.040 +11.4 2TH 


b) B.D.—12°4523.—This star, for which the B.D. Catalogue 
gives a magnitude of 9.5, was put on the program at the request of 
Mr. Adams as its spectrum seemed to indicate an extremely faint 
absolute magnitude. The parallax, +0’350, gives the absolute 
magnitude +12.2; the spectroscopic absolute magnitude derived 
by Adams and Joy is +11.8. 
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c) B.D.+57°566.—The relative parallax is +-o%00r +to%oo5. 
This is a close double near the double cluster in Perseus. It is 
B.G.C. 1241; Burnham gives the magnitudes 8.1 and 10.4, A=1779, 
p =186°5, with no observed change. I have measured the object for 
proper motion with the result ua=+0%030+0%003; bs= —O%0r2 
+o"006. As its radial velocity is small, the system probably does 
not belong to the Perseus cluster. 

d) A.G. Berlin B 1366.—This star has a large proper motion of 
o”54 annually. Its parallax from several sources is, however, quite 


TABLE IV 
Name a 1900 5 1900 Median Mag. Period Trel, ™Sh. 
Sm Case 243M | +68°28’ 5.9 14950 +o"%008 | 0.0038 
ROX CeCe eee 4 54.5 +39 49 as 11.626 — .Oor . 00063 
shaMion nc. 6 19.8 +7 8 6.2 27.012 + .020 .00066 
RT at ee 6.2251 +30 34 523 3.728 + .006 .0038 
RS) Bo: -.- 14 29.2 +32 Ir 10.3 01377, —= .004 .00076 
VA BOOl os. 14 45.2 +23 27 pe 9.0 =[O2s . OOOQT 
WU Pierre) no s2-5 +38 10 Our 45.39 — ,OOr .OOOIO 
WeOn ba .| enc yes —6 7 Ons lyf aR — 038 .00087 
WE Oae ee Fo e5u5 —18 54 5.8 52773 SP One .0024 
RRL VE aalelO 220s +42 36 7 oe 0.507 + .006 . 0030 
0 Gepaena|) 22-2504 +57 54 4.14 5-306 —0.002 0.0054 


small, viz., Dearborn ty,=-+0%017; McCormick, —o’o016; vM, 
—o’oo1; while the spectroscopic parallax is +-0%006. The star ac- 
cordingly must have a very large velocity at right angles to the line 
of sight. Its radial velocity, according to Adams and Joy, is 
338 km/sec. 

e) T Tauri—tThe relative parallax is —o’007+0%006. This is 
the variable star connected with Hind’s variable nebula. The 
magnitude changes irregularly from 9.3 to 13.5. 

f) T Monocerotis, RS Boitis, V Ophiuchi, and V Sagittarii.— 
The mean parallax of these four Cepheids is practically zero. Alto- 
gether I have now derived parallaxes for eleven Cepheids. The re- 
sults are collected in Table IV. 

The mean relative parallax is +-0%0026, while Shapley’s mean 
parallax is +o%0020. Accepting Shapley’s parallaxes as the true 
values, and o’oo15 as the corrections needed to convert my relative 
parallaxes into absolute values, this would indicate a correction to 
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the Mount Wilson parallaxes of —o”oo21, in good agreement with 
the results derived in Contribution No. 237. 

g) Nova Sagittae, No. 2—The relative parallax is +o”0012 
+o%oo5. This nova reached its maximum magnitude, 7.2, on 
November 22, 1913. A remarkable feature is its proper motion, 
which is considerable for this class of objects, viz., 


ba=+07078 + 0/004; ps=—07%016 +0004; u=07080 . 


Accepting +0’o13 as the parallax, we find the absolute magni- 
tude to have been +2.8 at maximum, while it is now +10.8; the 
tangential velocity would be 29 km/sec. 


I wish to express my acknowledgment to Messrs. T. A. Nelson, 
A. N. Beebe, and Kenneth Pitt for their valuable aid in securing 
the plates, and to Mrs. Marsh, of the Computing Division, who has 
performed a large share of the necessary computations. 


Wolf 1056 a=033™208 6=+30°4’ 


Mor. Ev ht L Ay M v 

10.654 8.854 —12°7 —14°2 +1.07 +572 —I4 
10.654 8.849 —I1.5 —12.2 1.04 +507 +12 
7.635 8.854 — 0.2 —iL.0 1.16 — 364 =n 4. 
7.635 8.849 — 8.0 —I0.0 i513 — 361 + 3 
10.652 9.901 Oey SAN 1.28 +258 sae! 
10.652 Q.QOI -- 0.5 — 2.5 1.28 +259 + 2 
7.638 6.920 + 2.2 = 15.0 I.40 +262 +12 
7.638 9.972 8 7 = 432 Lose —716 —4 
9.666 6.920 a yoy) a ie) Ewe) +884 — 5 
9.667 9.972 =a if + 8.7 0.39 — 85 —12 
No Br. x y . 

+24.15 wat 3.50 7r=+7688 teen f —3!2 | +4/3 | —ovorr 

7 a bf —2.4}] +0.8 | + .0o14 

+ 3-50 Ma+15 .88 r= +1357 Pee ff —1.7 | —5.2 | — .or2 

rH=t 15 .8=0.077 +07008 Agee f +o.2 | —1.8 | + .009 

33 - Cie neeee ff +1.6 | —2.4 |] + .o1o 

Ha=+316.0=1.548 +0.006 OMe f +3.1 | +0.4 | — .oo9 

pee bf +0.6 | +2.3 .000 

Srvetae f --0.4 | 4-5-2 | --0.004 
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Wolf 110 a=hgymgz3s f= + 5°r4! 
Mor Ev. t b Ap v 
7.636 9.972 —15°7 — 725 +1.64 — 1088 +9 
7.636 9.972 — EO = 6.0 1.64 —I109r + 6 
7.638 9.018 —I0.7 = 4.5 Dera. — 645 — 5 
7.709 9.015 = Bue) — 4.0 1.48 — 010 ° 
7.700 g.o18 — 2.7 —= 3.0 1.48 — 621 =IL 
10.655 Q.O15 SP So) = 1.5 1.69 aim VAM — 5 
10.655 9.901 se hil ine 1.28 + 368 apo 
10.652 6.914 + 4.2 +14.0 1.36 +1790 = 4 
10.652 6.914 + 6.2 Lyn 1.36 +1790 +4 
No. Br. x y . 
+47 .53 Ha— 0.09 T=+22559 Tete f —2!'o | +5/2 | +0%003 
— 0.00 fa+20.97 T=+ 134 rere bist) =3.4') =F3.0 |i aoos 
1 =+ 8 =+0"o0 t+o0"’o00 3 see il —7.8 —o.8 + 004 
= Ae Gi ar i 5 Aveda: i a —5.7 | + .003 
i .6=7+2.2260+0.00 iS aeetereks 22: || "802. | OLD 
“ 474 3 3 Gaia bf +6.4 0.0 | + .o1r 
Heer f sab) | cig 20 le ORCS 
B.D.+57°566=B.G.C. 1241 a =2'r8™188 — § = + 57°44’ 
Mor. Ev. t b Ap v 
10.649 8.931 —11°0 —11°0 +1.42 +13 — 7 
10.649 8.928 == + 0.7 I.40 17 3 
6.663 8.032 — 4.5 + 4.0 69) — 36 — 25 
10.704 8.934 — 3.2 + 5.0 1.24 +40 +19 
6.660 8.928 ae ieee + 6.5 Tes —21 Spe) 
10.704 8.032 + 1.5 + 8.0 1.58 +36 + 4 
6.660 8.934 = 55 -+-12.0 I.40 —30) — 3 
6.666 II.032 = 768 +11.5 +--1.72 —30 +11 
No. Br. #4 y T 
oi ar ee Teen f +o0/3 | +1/8 | +o0%or4 
+47 aa Bek ek +553 Cen ae bf -+o0.5 | +3.2 | — .008 
— 4.01 He--t7.767=— §1 Cee f +4.4 | +2.6 | + .oor 
x =+ 0.3=+0"001 +0"005 Anon ff Ser |) petits || —- atoley/ 
a - a oes ti +0.4 | —3.4 | + .cor 
Ma=-F11.7=+0.030 +07003 ae bf | —2.7 | —4.7 .000 
VENA Oe. bf —4.1 | —3:.0 | — 7005 
eee f —1.9 | +0.7 | +0.004 
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Boss 936 a=3>58™m478 56=+21°40’ 
Mor Ev. h L Ap D 
7.791 10.057 —16°5 — 3°0 +1.45 — 7 +31 
7.786 9.086 — 8.0 + 0.7 Thy —42 —33 
10.794 I0.059 —~“3.2 Se os I.44 30 — TA 
7.786 10.057 — 3.0 + 4.0 I.47 —4I — 3 
I0.794 9.086 Se etches ai GAS agi +79 + 6 
10.792 10.059 aie os + 8.2 1.46 +34 —TI 
10.792 9.986 =O. 5 TD ah aha 75 33 
No. Br x 4 T 
+16 .65 Ma— 3.01 T= +408 ieee: f +1’/9 | +2/9 | —oo13 
— 2.01 Mati4.44 r=+16 Dene f +4.3 | +2.5 | — .000 
= ‘ . at v 5 3-22. bf 1-328 —47.8 + - 007 
T eget mea ste sdis aa - —o.4 | —5.5 zs 004 
=-+27 .6=+0.070+0.011 Bieeees ee OG: 004 
se 7 ne cate f —6.6 | +2.9 | — .o12 
eee b —Te5 | oee |i -O1020 
A.G. Berlin B 1366 a= 4h8™378 6=+22°6' 
Mor Ev. i 2) Ap v 
9.811 II.032 — 9°7 —6°7 +1.26 — 210 ° 
6.737 II.032 — 6.2 —1.7 Tas, —727 + II 
7.780 grag ht Sa —1.0 1.61 —569 +1 
10.707 5et22 — 5.7 +2.5 I.90 +946 — 9 
6.737 Sete ==> Fae 307 1.82 +265 —I0 
10.707 Te Teer =— 1.7 +6.0 1.88 — 77 — 7 
10.704 5.122 = One +6.7 1.60 +984 --13 
IO. 794 R25 Ley joes +1.60 +979 + 3 
No. Br. < y T 
+129 .19 fa +17.28 T= + 22138 Totes f are +-5.4 || —0.0nz2 
-- 17.28 Pa+22.21 Tr=+ 2052 Da erapes f SO | See |] Se alee 
= “ > - Bie f =+-0,3) 1 =O; Olle eOnt 
T =— 0.4=—0.001 £0.004 Yt ff —1.2 | —r.1 |] + .023 
a= +I. =+0" +o0”002 Saeene f —6.7 | —o.4 | + .006 
eae siasA 8 Geek bf —5.2 | +3.0 | — .009 
TPO aae f —1.6 | +1.6 | —0.003 
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T Tauri a=4>16™108 6=+109°18' 
Dee ne ee 
Mor Ev. it h Ap M v 
fray fits 9.007 — 30 + 2%2 a me ecy. —II — 3 
6.833 9.092 — 1.7 ans 1.36 ge Ee 
Hew Bes 9.018 ap iss ae Bey! Te55 —18 —II 
7.800 8.043 se a) coe 1.37 ae eee 
8.772 7-065 An 6138) ale 125 1.58 eke “1-110 
9-741 g.o18 +11.5 + 10.7 I.49 — 2 — 3 
9.743 8.043 i etOns = 0D.O 1.59 — 1 =i 5 
7.707 7.005 SEO} Stabe 1.47 ae 5 ae 4 
7-797 9.092 “F150 FI1.5 Pi-55 — 4 8 
No. Br. x 4 T 
P17 .31 pa— 2243 r=-66 Taken as bf | +2/2 | +24 | —0%003 
— 2.43 Mat21.33 r=—4I Boas bi | -F3.2 1-554 000 
_ = y Beene BN, deat bf +5.2 | —7.2 | + .o10 
UE PAE Name rh OOOH fre O15 (8S) Aires ee f +2.6 | —3.1 | — .002 
Ha=+3.6=+0"%018 +0%006 Benes BE =) 352) = 2aa2n ay 
: 3 Crete bf —47.7 | +3.4 || +> .012 
Testa bf —2.5 | +4.3 ©.000 
Boss 1217 a= shomro§ b=+0°21' 
Mor. Ev. tr L Ap M v 
7.789 9.084 —13°0 —12°0 --1.60 +17 —10 
5.844 9.084 —I0.2 — 7.7 1.35 26 ° 
7-789 9.087 Oy = ee 1.62 35 ar 7 
5.844 9.087 — 5.2 — 1.0 1.36 29 + 2 
7.792 ee eae) — 4.0 = 3x2 fey IQ —4 
7.792 5.119 + 0.2 + 7.2 Nera 23 ° 
5.770 5.043 —- f.5 +10.0 1.48 25 + 2 
9.806 5.043 + 4.2 +T15.5 1.35 +19 5 
No. Br. x y . 
+61 .83 wat 3.687=— 26 atiaes! Eo | rot) 15-00] 089 
, TEA bf +1..4 | -\-5).2)1| —".00% 
+ 3.68 pat18.70 r=+292 eae f +6.3 | —3.2 | — .007 
mT =+15.9=+0%040+0%002 pte bf | +1.9 | —7.1 | + .oro 
=< + . i looser f Oud.) == 4 Oil| —Oor 
He—— T.4—'— 05004 0.001 Oe f —2.2 | +0.4 |] — .orz 
orca or? f =A -|nc-1 2. | soo 
eas ocr bf —32..0| =-5.4) | 0.000 
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T Monocerotis a=65r9™409® 6=+7°8' 
Mor. Ev th b Ay M F] 
4.882 Gees —9°o —7°7 +1.39 +18 + 6 
4.805 9.087 —8.5 35 See +38 aie 
9.806 Sous Sosy ne 1.68 0 ap 
4.882 9.087 —Aey +0. 7 1.22 +10 —I4 
4.805 5 Ey —4.5 27, 1.65 a= 6 — 5 
9.806 aA: —2.2 +320 1.63 —18 —16 
9.811 Bel] areas 5:0 P08 ee ° 
9.812 5-114 Tas Seon 17/62 + 2 + 5 
No. Br. Ea y 7 
+124 .11 pat18 .33 r= — 268 ; ering : ie ates i ge 
+ 18.33 watiI9g.15 r=+ 90 eae : 3:3 +1.1 | + .003 
= = " ” Ara ts siete BO) ari ON > _aislere) 
7 =+7-9 ee ee itu ieseee f —1I.9 | —1.2 | + .005 
a= —3.3=—0.008+0.002 ee f —3.2 | —2.x | + .004 
Vk ke f —3.3 | +o.4 | — .002 
re ue od f —2.7 | +2.1 | —o.009 
Lalande 15565 a=7254™Mar1* 6=+20°31' 
Mor. Ev tk b A» M v 
4.964 9.163 —14%0 —14°%2 +1.16 +273 — 3 
4.904 9.163 —I0.0 — 7.2 1.16 +264 —12 
9.904 y 232 — 550 —5.0 1.68 Soy) aeure; 
4.959 7-229 + 0.5 — 3.0 1.43 E175 Ta 
9.904 8. 232 =p ee — 0.5 1.67 —— Fe +14 
10.879 8.229 = ee = Onn 1.76 —116 — 3 
9.907 OCR + 7.0 + 1.0 1.66 —135 —17 
5.926 8.229 ae Sy SEO 1.58 +182 + 8 
10.880 6.276 = ORO “i265 +1.84 — 232 10) 
No. Br. x y 7 
eas it ee bb | +o!4 | +4!7 0” 000 
+91 .00 Hat 8.23 oi 5169 Pay: f +2.2 | +2.5 1-002 
++ 8.23 mat22.I0om=+ 51 Shy ee bf | +2.9 | +1.0 | + .oor 
mw =+24.2=+0"%061 +0%004 asst i BES BP Aaa" 2082 
~ 2 Bee See bf 0.0 | —5.1 | — .002 
Ha=—59.0=—0.149 +0.002 Some f —3.8 | —1.9 | + .006 
iat sie f —7.0 | —o.8 | — .005 
Sbrieiars f —1.2 | +4.3 | —0.003 
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ate) ADRIAAN VAN MAANEN 


N.G.C. 3242 a=r1o0br9™585 5= —18°8' 


Mor. Ev tr b Ap M v 
7.063 7.311 g°2 —825 +1.28 +30 +23 
II.033 qo ial — 8.5 —3.7 I.40 +44 +19 
7.066 Que =) 657 One Teak —T2 —10 
7.068 9.330 — 6.7 —Om5 sete) es =e 
7-003 9-335 = 55 Sigler 1.34 al ay 
II.033 7.309 — 2.7 +4.5 ie gt) + 9 —16 
II.030 9.332 + 4.2 +4.7 1.49 LO 2 
II.030 7.309 +11.2 +9.0 —--I.43 +15 —10 
No Br. x y 7 
te / u" 
+59.84 wet 8.07 r= +321 me tevin ereaicS cry 2 
+ 8.97 watI5.00 r=+135 a Rae . —4.7 ae o oe5 
= ne ” ” A Meycthcs —3.4 | —8.0 ol 
7 =10.4 RR eee, seein bf —o.2 | —8.2 |] + .028 
ba=+4.4=+0.022 +0.007 Chron: f +o.3 | —2.6 | — .orr 
Pe ree b +4.6 | —2.0] — .o61 
Sencce bf +8.3 | +6.4 | -o.041 


Boss 3014 a=1r27™428 d= +3°33' 


3015 II 21 43 area 38 
Mor. Ev tk 4 Ap M (3014) | M(3015) | v (3014) v (3015) 
3.992 | °7.327 |= 8°5.| —-O:9 | 11.82 | “rots | 985 | =f-40 =e 
B1002 |) 7.312 |= 4:01) 92-5 Moatee || Sen(ehsfeh || rautevts) |) —" G 29 
4.066 VERE 0.0 | — 3.0 EeSly |) janOOO| erences Ai je ie ae 
9.087 82355 Nite 2550) = 2.0. 1.36 | — 199 | — 187 — Ray 
4.066 82353 | 4.2 | 2 O25 Tee A Ara emit 2 370k Pee en ae mara Li are eaareme 
10.058 Seer |e Ugehel| [ica pone ike, I.41 | —1022 | —1007 +23 +27 
9.087 8.253 i 622 | = 47 1.35 | — 211 | — 200 —18 —26 
10.058 6.333 | +23.7 | + 11.5 | +1.4r | —1050 | —1030 —14 —5 
+79-74 Ha— RS ase 
3014 
— 7.909 Mat16.007=+ 2455 
+50.78 wat 2.45 r=—14580 rots 
+ 2.45 wat12.217=— 368)” Nos i Be x y a 
ay coll ” ” = ee a || ec | 
7 =+ 11.0 ee ape ntact 301g bee f +4!r | +o0!5 | —o%org 
Ma=— 285.3 = —0°720+01005 Pans cease % +2.9 | —0o.4 | + .016 
Cienn th e —1.8 | —3.0 | — .004 
wt =+ 27.7=+0%070+0%013 ore HO f —5.9 | +2.1 0.000 
Ma= — 288.5 = — 07728 +0"006 Sete 


On 4.066-7.317 and 4.066-8.353 
Boss 3015 was not measured. 
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STELLAR PARALLAXES ity 
Wolf 437 a=12%43myz8 6=+10°18' 
Mor Ev. h b Ay M 0 
9.095 8.3091 —12°5 — 882 +1.47 —r104 +5 
10.006 8.391 — 0.5 — 6.2 TA55 — 303 Se i 
10.066 Ir. 361 + 1.0 — 2.2 I.43 +293 ° 
9.098 II. 361 + £2 — 0.2 1.34 +4098 +14 
9.098 11.358 + 4.2 + 1.0 32 +472 —9 
7.003 7.390 Ace bere + 7.0 1.58 + 98 — 2 
7.063 7-396 ey joes 1.58 aie 05 Sis 
10.153 7-394 +13.0 +14.0 1.25 —538 SAG 
10.153 7.394 +15.2 15.2 1.25 —520 +9 
No. Br x y T 
+30.68 wot 1.62 r= —6138 Erie f ATS Ee EOS 
+ 1.62 pet18.267=+ 69 2.45: f ere et Ens (ere Oy, 
Aa hie Cee eat cee bf +2.38 | —7.4.| + .oor 
Mt 21..6=--0, 100 £0.007 ae bf | +1.2] —4.7 | + oor 
Ha=— 201 .2= —0“986 +0" 005 eae bE p-4p2.6 [= 3-5 2007 
Orpen bf +o0.3 | +2.4 | — .020 
Vion bf +2.2] +5. +o.004 
Groombridge 1970=8.G.C. 6432 a=13hg™318 6=+57°14' 
Mor. Ev. hh b Ay M v 
9.087 II. 364 —11°o —5°2 2.35 — 8&1 +9 
g. 161 10.399 aD 2 ine 1.26 — 44 —4 
II.IQI 8.355 — 7.5 —0.7 0.91 +164 + 3 
9.087 Ir. 364 — 5.7 —I,0 D:35 — 93 — 3 
10.058 II. 366 =-450 Shia I.41 = ORS —15 
g. 161 8.435 S957 2-5 1.39 + 45 = 27 
rr. 186 8.440 ° +4.0 ro +192 +30 
10.058 10.399 Ae ene ae 1.56 ap oe +-22 
Ir. 186 8.435 ET Onh +6.7 ==. 20 “133 —29 
+37.50 Mat 0.47 T=+1905 ee Py ‘ ‘ 2 
ahr 0.47 ta+-15.64 r=+- 309 mare eae 
= pe ” +o" Destote 4°9 Se 07000 
7 =+18.2 Tees PAO TOO) Bice Pee f + 5.6 |+ 3.4 | — .020 
Ma=+50.6=+0.128 +0.006 Bis ci b  |+12.7 |— 2.1 | + .o18 
. Pe eet bf J+ 3.8 |—10.0 | — .007 
For Groombridge 1969 the follow ee Mele ere 
ing values were derived: pete f |—z0.4 |— 3.2] + .006 
as = ” ” pega bf |—12.6 |4+ 1.8 | — .007 
m =+19.1=+0.048 t0.018 Sioee f — 3.8 |-+ 5.2 | +0.021 


pHa=+16.2=+0"041 +0%012 


343 


12 ADRIAAN VAN MAANEN 


RS Bodtis a=14b29™r78 6=+ 32°12’ 


Mor Ev. tk bh A» v 
4.233 3.421 —15°0 —13°5 +1.06 +8 +2 
iesn ier 3.424 — 6.5 —12.7 Ted +73 —3 
4.230 BeA20 At = Gor h.O7, Toi +6 
4.230 3.424 0.0 — 8.5 1.08 +11 +5 
5-199 9-505 0.0 + 8.2 1.54 —44 ae 
5.199 9-502 4G + 9.0 1.53 —49 ate 
9.248 Q.507 ap ORY -+10.0 ee — 6 —E 
9.249 9.505 =a On +13.5 ras? — 9 ="! 
No. Br x y T 
see f +o'3 | +5!1 | +0%017 
+99.56 fa— 1.67 r=-+997 cee {.-*,|-ch6. 6} ope ieekeoce 
rr 5 +1313.167=— Saya f 70.0) || —O.5 | OLO 
a hee ns 3 ” ~ Bonconn ff +o.3 | —6.7 | + .002 
fT == 1.7—=—-0,00410.002 as ae bf —1.5 | —8.0 | + .004 
Ma=+10.0=+0%025 +0" 000 Caper f =A) | 302) (005 
yore bf —6.3 | +4.1 | — .002 
Beawes f —4.7 | +4.7 | — .o10 
OQesciss f —o.4 | +5.1 | +0.002 
RU Coronae a=r15h3r™Mo78 6=+26°5’ 
Mor Ev. ty b Ap v 
6.276 7.465 —14°5 — 62%0 +1.07 — 8 —I0 
5.284 7.465 —I4.0 — 0.5 IT.04 +9 + 6 
5.284 6.498 —10.0 + 2.5 120 —24 —26 
6.276 7.462 — 9.2 + 4.5 1.06 + 6 + 4 
Il.192 6.498 On sie Yholes 1255) iin — 3 
II.192 4.468 + 6.0 + 7.2 I.40 — I +10 
II. 293 7.462 Si tae + 8.7 0.98 +15 21 
9.249 7.471 + 8.5 +10.2 1s + 26 +29 
II.293 4.468 +13.5 +t. 7 +1.00 — 40 — 29 
No. Br x y 7 
i sO bf +4'r1 | +2° —o! 
140.56 pa+ 23.19 m= — 217 Donen f te ee ey me 
+ 23.19 mat12.61 7=— 34 3... f ge pee SP Ma see 
mw =+0.2=+0%001 +0%012 é are : BRE (ete tos eth 
rei nS ates —1I.9 | —1.9 .000 
Ha=—1.6=—0"004+0"004 Dreseae Be —6.0 | —370) |) 000 
eee —3.2 | —1.0 | + .oor 
oe oe ff — 522 | 420-On|) —— FOOL 
roel Se bf —4.3 | +5.4 | —o.0or 


STELLAR PARALLAXES 13 


Wolf 61x 9 a=a1sbsomrss = § = + 5°a 0! 


612 TS) 52-07 +5 26 
Mor. Ev. ts bh Ap M (611) M (612) v (611) v (612) 
10.154 | 11.522 | —11°7 | — 4°80] +1.67 — 7 — 6 — 5 — 2 
87287 | IL.525° |) — S.0|-— 2.5 eat —II —I9 + 9 ey 
2257 | ties eon) — 35) le oS 1.46 —1¥ —16 — 7 ae 
II. 290 PER | Sew ha || aa Sey) T.O% +43 +36 4 —12 
02257) | 1t. 522) | 4 4.0 | A- 0.0 1.44 —I4 — 27 — 4. = Yi 
11.288 7. AV2 | -1- 6207 | 4- 6.2 1.06 +26 +56 —13 ap fe 
II.290 ater’ Pcie aeieed |) Sewee i I.19 +54 +48 =p =—I2 
I1. 288 On563 | = 10.0 | -+-17.0 | 4-71.40 |b. 2.2. ee 9S Vetting +17 
474-76 Mat 0.67 T= +639| . 
+ 0.67 wat12.357=+ 82 SENN es - y : 
+96.85 wat 7.67 r=+1102 13 Tera f —3!o0 | +3!/2 0” 000 
+ 7.67 wot14.57 r=+ 182 a Dei et : —2.7 | —1.0 re orl 
ibe as ” " Giskstat Ae meee ede) oro 
w =+6.2=+0.030+0.008 ere ica f et. y | 4.5 | Ort 
Ma=+8.5=+0%042 +0"%003 eon bE: 754-07 || 7-2-8 "| = 907 
7 ae v oe Osun bf --1.0 | +-0.3 || q- .002 
m =-- 6.8=-+0.033 t0,010 6 Thetis f +r1.2|+2.6 | +0.002 
a= +10.8=+0%053 +0%004 
B.D.—12°4523 a=16b24™458 6=—12°24' 
Mor Ev ht b Ap M v 
10.315 8.533 — 87 —6°2 +1. 23 + 78 +13 
7.309 8.533 — 4.7 —2.7 1.26 137 +31 
10.315 8.528 — 5.5 —2.5 1220 49 —13 
7.300 8.528 — 4.0 +1.0 r.23 92 —{2 
IO. 320 9.513 0.0 +1.5 va 55 —13 
10.320 11.528 + 3.5 a resey| 1.18 84 —16 
II. 290 Ir.528 —T-TOns +4.7 1.33 96 — 2 
II.290 9.513 qa) +4.7 +1. 26 “1 7A ae 
No Br. “ y w 
&. peas, 2 f —a2ir | +2'7 | —o%024 
+14.70 Hat 2.69 7 : Bone ue f VS || ar eoy~ di ae utente 
+ 2.69 wa+12.03 r=822 Cae : —6.3 —45 = ae 
” ee mame PAS rs —4.2 | —6.1 fore) 
= .2=+0%349 +0017 4 4 ; 
‘altar be i aS ‘ / ae bf +3.9 | —3.6 | + .or2 
fa= —1I3.0=—0.064+0.016 Gace: bf | +5.6 | —3.2 |] — .008 
fener bf Sr 28) | apg .000 
Seer f 0.4 | --5.5 || 40.000 
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14 ADRIAAN VAN MAANEN 


Lalande 31055 G=LOsom5 1" 6=— 4°54" 
Mor. Ev. kk b A» v 
10.315 II.525 —8%2 — 6°7 +1.20 +301 +29 
10.320 TE525 +0.5 = 37 Touhy +281 +11 
10.315 7.558 —4.5 = ah 1.36 — 486 —18 
9.328 11.528 +0.7 aie as 1.16 +411 —Ai 
11.288 7.501 SFOs => 3.2 I.40 —626 +20 
10.320 Violate +3.7 + 4.7 E338 — 466 + 3 
9.328 7.501 Sis —- 6.2 E231 —310 — 35) 
9.333 II.523 +4.2 a hog 110 +461 + 8 
11.288 tims 28 =+-6,2 = IL.2 --T.30 122 +28 
+44.88 we+ 7.18 r=—8171 
ss 7.18 Ma+14.62 r= — 799 No. Br x y © 
" uv 
= T= ‘ O02 
imag BELA ogee 8 Paar f —4'8 | +6!7 | —oloar 
Pa= —188.I1= —0.922 +0.015 age f | —6.0| +2.3| + .o2r 
For Strb. 5819, which is 115 east 3----- f 324 | P88 | a035 
F Bevcren f —2.0 | —5.8 | + .o10 
and 1/5 south, but was not cov- ;.|.. bE || 04") S54" | nes 
ered by the sector, the following ©----- f +5.8 | 1.5 | — 031 
y = 8 Te oats b Sy rte) || = Kevre) 
values were derived: a f +7.2| +2.5 | + .031 
1 =+ 22.9=+0%112 +0027 Qesvrs f +o.1 aries +0o.015 
pa=—177.6=—01870+0%015 
Y Ophiuchi a=17547™178 =—6°7’ 
Mor. Ev. 4 b Ap v 
WAGE? 6.583 — 6°5 — 2°0 +1.48 —I4 -—5 
TE: 9.592 — 4.5 =Fs0n5 I.52 =I aie <0) 
9.328 6.583 — 3.0 0.0 1.42 — I +1 
9.328 9.592 — 0.2 ee aks) 1.46 —10 —4 
9.333 6.586 + 3,0 Sr Bae 1.41 — 02 —10 
9.333 9.666 So ee Sr eee 1.68 —26 —I12 
10.321 6.586 +10.2 + 5.2 1.46 +10 +9 
10.321 9.589 Sieh: Spatonty Ar + 5 +14 
No. Br x y . 
yaa f —4'9 | +7/3 | —o%or9 
+35-50 Hat+10.98 r=+ 33 2a bf | —4.4 | +1.5 .025 
+10.98 wa+17.75 T= —IO1 3+-++. Yy eet 4:6 ee 006 
ce a Aches I.I | —9Q.1 oor 
T =—7.7=—0%038 +0%009 Le Bisee f +4.0 | —3.6 .000 
Ha=+3.3=+0"016 +0"006 (Sara bf +2.0 AON PE SR, he 
Vee: f +7.2 0.0 | — .005 
Se Oey f --2.2'| 5.3 | = .005 
‘Onein bf +0.5 | +3.2 | +-0.014 


STELLAR PARALLAXES 


Boss 4595=B8.G.C. 8388 a= T8h4gms48 6=+3°6’ 


Mor. Ev. 4 L Ay M 
7.389 9.600 —14°7 —5°o +1.21 + 8 
7.389 g.600 —I0.5 —0.5 Tet Io 
Ir. 364 7.621 = 3.5 0.0 1.42 18 
Tr. 307, 7.626 — 3.5 +1.5 1.43 4 
7.392 7.621 = 1.5 +4.2 1.28 12 
II.367 9.598 + 2.0 +4.5 Peet 8 
7.392 | 9.598 are ths aoaT +1.18 +5 
+45 .80 fat 4.74 T= +33 No. || Br. a y 
+ 4-74 Ma+11.73 T=-+90 joe bf | +2’9 | +0%s5 
7 =+7.7=+0%019 +0" 002 Disress, ste bf = pe We le eae KS, 
Ma=—0.I= o%000+0"001 ees ieee rane 
: y Vs Ane aa bf +4.r | —1.9 
The 12.5 mag. companion, being S.-.--- bi | 4.5 | —35.4 
d by the sector, is not ~""’ Op aS re 
sich ice eta ’ ee bf | —5.5 | —0.4 
visible on the plates. 8..... bf | —5.6 | +3.6 


Y Sagittarii a= 18hr5™308 6=—18°54 


15 


Mor. Ev i 4 Ay M 
8.392 9.587 —8°7 —6%o +1.14 +18 
8.392 9.587 6.7 —3.5 Tata! +13 
eso, 9.592 6.2 —I1.0 ca — 9 
II. 362 6.667 4.5 —0.2 I.59 —I7 
7.397 9.592 4.2 +1.0 Tis +13 
7-394 6.668 2.7 +1.7 1.44 + 8 
Ir. 362 6.586 2.0 3.5 1.28 — 23 
7.304 6.586 —0.7 +5.2 +1.12 + 1 
No Br. x y 
+58 .69 Hat 7.83 r= —230 paths bit ote} 1224 
+ 7.83 wati2.657=— 2 Besoce Sls ee 
oe ral y ” Batre et —4.2 | —6.7 
7 ee Ogre rhe eee BPS eer 74 
=—4.3=—0.021 +0.00 Sree —2.4 | —5.2 
i a3 5 ie ARS bf —+-9.2 || +140 
Wen des f 4.9 | -+-7.9 
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Nova Sagittae, No. 2 a= 2023™48 6=+17°24' 
Mor Ev. ty b Ap v 
7.476 9.742 I0°o —6°5 +1.36 —4I — 8 
Ir. 460 9.745 — 9.7 —6.2 1245 aioe ar 
7.476 9.666 — 5.7 —3.2 1.08 —27 ae 
7-474 9-745 = 5 —2.2 1.38 33 fe) 
11.460 9-742 oD yt 1.44 33 Fhacs 
7.474 9.740 = I>0 Ore 1.37 — as 
II. 463 9.666 —= 0.5 TO Tany +28 — a 
11.403 9.740 chgtsO +4.5 +-1,42 +32 ap 
No. Br. x y T 
= = Oe aate f —olr o!0 | +0%003 
132.37 He—-2.22 T= 1 508 Bremer f OH? |} Seis) || se cee 
— 2,22 Ma TA-3lr—— 1 Cet f —1.6 |] +1.4 000 
ss as ” ” Ligh esec f —3.I | —1.1 | — .004 
R= 2.4 pairs cect ee Ne f —2.1 | —1.7 | — .008 
pa=+15.9=+0.078 +0.004 Cxeoan f +1.0 | —2.2 | + .003 
G heayerene f +1.6 | —o.4 . 000 
Seka f SOO I cimeany, |) wxtkeelen} 
N.G.C. 6891 a= 205r0™248 6=+12°24' 
Mor Ev. hi b Ap v 
8.452 7.714 — 3°5 + 5°0 +1.41 +15 +9 
7.476 7.704 — 0.2 6.2 .45 Sik —17 
8.452 9.666 0.0 6.5 Tou sip te) + 6 
7.476 Teele + 2.2 G2 5 27 — 9 —16 
8.444 7.714 + 7.2 8.0 1.44 +18 +12 
8.444 9.666 10.7 10.0 1.24 —+-12 +10 
11.463 TED +12.7 9.2 1 Yh 03 + 2 
11.463 7.794 Send). 2 ae (25 +1. 52 = 7 —4 
No. Br. x y 7 
+231.72 8.06 r=+81 Tee f —t1‘o | +2!'0 | +o0”oor 
ot Hab 9 Ax Dee f —5.2 | +2.8 | + 2003 
+ 8.96 wat14.88 r=+66 ae Bf —3.2 | +0.8 | — .003 
gw =+3.c=+0"017 +0"0 Ae ee f —0:3| —4.4 | = 1.004 
- 3 ee - 7 . 37 isi ordi bf +1.4 | —4.6 | — .004 
Ma=+1.6=+0.008 +0025 ie ws f +3.2 | —1.1 | + .007 
Fikes hee bf —-3".6 0.0 | — .oor 
Sea bf —+-1.4 | =-3.0)\|| —oOn00r 
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STELLAR PARALLAXES LE 4 
Wolf 1106 a=27>5m368 6=+509°22’ 
Mor Ev. hi b Ap M v 
8.517 6.739 —11°7 —10°0 -+1.20 —709 +7 
8.520 6.742 — 8.7 — 6.0 T.20 —718 — 2 
8.518 9.748 ani) —F ARS T8 +590 52 
8.520 6.739 —) 2.0 = 3.0 I.19 —715 + 2 
8.515 9.748 ao — 0,2 i 24 +496 —42 
8.515 6.821 Se eI + 8.0 I.42 —678 — 3 
9.505 9.751 tT. 7, “0.5 I.30 “122 —9 
9.505 On751 172.0 +16.0 +130 123 — 8 
+15.51 at 5.11 r= —6356 
+ 5.1I Ma t12.75 r= — 1867 No. | Br. x y 7 
mw =+ 20.5=+0%052 +0014 Tape oo f +o!s | +3/4 | —o”002 
a= —416.5=—1%050+0"%013 eae : as “3.0 007 
Omitting the two very discordant a anes Far Bore a = es 
pairs of plates, 8.518-9.748 and 5..-.-. = O75 3 eos 
; Geena bf —4.4 | —2.6 | + .004 
8.515-9.748, we get: Hart cick bf | —3.3 | —1.4 | — .005 
7 =+ 15.5=+0"039 +0%003 Soe ff —2.1 | —1I.r | —0.c02 
a= — 412.0=—1%040 +01003 ‘ 
B Pegasi a= 22h58mc6s 6=+27°32' 
Mor. Ev. ty L Ay M v 
9-595 9.805 —11°5 —II°%0 +1.12 — 6 + 3 
6.578 9.805 —II.0o — 5.2 1.20 — 209 + 7 
9.595 4.876 rune — 4.2 1.34 +365 +41 
6.578 4.805 == ke sora ee 1.20 an Sy —36 
Vases 4.876 On, 0.0 E553 +185 — 1 
7.553 4.805 Se Ke Ae TG 1.30 +162 —29 
7-551 9.811 ae easy aa O Lesa: a7 —§ 
7-553 9.811 725 OLY, +1.33 Pate +16 
No. Br. x y 7 
+60.84 wet 5.96 7=+4I51 i eee e f +o!5 | +3/2 | —o%008 
+ 5.96 wet13.53 r=+ 442 De os: f +5.2 | +o.4 | — .oor 
t* a - telow ff +2.3 | —4.1 | 4----007 
c=+ Mawar Bag least 7s Rae ~ ge —5.r | + .004 
a=+67.9=-++0.171 40.006 poe SM || Seay | hy 
a roy 7 One bf —4.4 | +5.2 | + .o16 
1 eas f —3.0 | +2.9 | —o.o012 
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PROVISIONAL ELEMENTS AND DIMENSIONS OF 
S ANTLIAE CONSIDERED AS AN 
ECLIPSING BINARY 


By ALFRED H. JOY 


ABSTRACT 


Spectrographic observations —The spectrum is similar to that of W Ursae Majoris 
in that it shows wide double lines, but the type for both components is estimated to be 
A8. Luizet’s double period, 0.64833872 day, fits the observations. Nineteen spectrograms 
(Table I), obtained with a single prism, serve to determine the elements of the orbit: 
e=0.0 (assumed); y= —5.0 km/sec.; Ki=81r km/sec.; K,=148 km/sec. 

Photometric orbit—The Harvard photometric observations have been used to de- 
termine a light-curve and an orbit, the star being considered as an eclipsing variable. 
The results indicate that the components are very close together and greatly elongated. 
The eclipse is partial. dg5=0.36; k=0.77; i=62° 10’. Judged from their spectra, the light 
of the brighter star is twice that of the fainter. 

Absolute dimensions.—The spectrographic and photometric observations are com- 
bined to give the dimensions of the stars and the system: radius of relative orbit= 
2,300,000 km; semi-major axis of large star=1,160,000 km; semi-major axis of small 
star = 896,000 km; distance of surfaces=251,000 km; m1=0.75 ©}; m2=0.42©:;, pr= 
0.31 ©; p2=0.38 ©. 


The light-changes of the southern variable, S Antliae (9% 29™7, 
— 28° 11’, 1900), were first detected by H. M. Paul' at Washington 
in 1888. Its period was then the shortest known. The early observ- 
ers, Sawyer, Yendell, and Chandler, placed the variable in the Algol 
class on account of the sharp minimum and flat maximum; but, in 
1896, E. C. Pickering? made a series of observations with the 
meridian photometer and concluded that the star was not an eclips- 
ing variable, because the minimum occupied such a large portion of 
the period and because the light-change at maximum was con- 
tinuous. O. C. Wendell} observed portions of four minima in 1898 
with the polarizing photometer, finding odd and even minima of 
nearly equal depth. Luizet,‘ in 1904, compared his observations with 
earlier measures and gave corrected elements of such accuracy as to 
hold very closely up to the time of the present observations. Since 


t Astronomical Journal, 9, 180, 1890. 

2 Astronomische Nachrichten, 142, 12, 1896. 

3 Annals of the Harvard College Observatory, 69, 44, 1909. 
4 Astronomische Nachrichten, 165, 291, 1904. 
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the light-curve does not differ widely from that which would be given 
by a single rotating ellipsoid, Shapley included the star in his list of 
such objects. Plummer’ has noted certain irregularities in the light- 
curve which led him to associate it with the short-period cluster-type 


of variables. 
TABLE I 


SPECTROGRAPHIC OBSERVATIONS 


VELOCITY O-—C Wr. 
PLATE DaTE G.M.T. | PHASE 

Prim. | Sec. | Prim.| Sec. | Prim. | Sec. 

km/ | km/ | km/ | km/ 

sec sec sec sec 
yy O2072 was 1917 Nov. 27 oh 47™o,3270| +109}..... +21]... TOn ll mete 
(By. ee is Dec. 4 OQ 95251) 31900) 074-037) \eat Alecia On al ean © 
OlOR nan On] 22) 300), Lt 7 |e Sols 170) ee toee | eet On | BOres 
O72 7 eee TOLS Mar, 2) 19) x2) a4tt| —87|-149| 03 |eolkOnsaln On 
OSLO™ nee Souler 7) ZO Wn lO4o| oe O2ls 022 || toe2 |e 07 O halla 
/Wieeiirnece TOLO, Jane coe 2ds 725) | COOk| a= 2 Olan SM es ales 6 TO | keene 
FOTORS cre8s Mar. 17 | 18 12 | .1729} —84|+146| + 2) + 4] 1.0] I.0 
20230 Apr, 100/55 35 |) .O 700 e—-OS|-t=n5 5] iO Om Onlin 
SO2AE ous TO | 20) 35) | Sez 0l ——70l- reo 2) re ete O 
SORT anki Zr | 16. x4 | 34542) -55|—1371) — 07 Olt .o) \nOns 
Olle (ers tiie See 1920 Nov. 29 I ro | .os8r| —56j-+ 69) — 6| — 4] r.0 | r.0 
Os nee tose lara FO oleh 7s 7a O70) es Ste Ou mestok Gt eects em | melnO) 
AY “TOOS 2. a ek Apr. 26 [915 S00) 25730) = S45 40) = 2 5 — Ae onl Ons, 
LOOSE Na rne EO | 17.05 |). 6252|) = 14a Ee el pace T Ol |e 
100o89..... Ey | ES) or |) s2504) Fy SF) — 2a 27 On ba|Ony 
TOOO2 enw a. ite \pe tye toyAnNl meeforelh ca Aa, = 2) acne EON toaps 
TOLOOw. .-- 2r | I5- 40 | .3705| +35|—102| — 2) —2m| 1.0 | 0.5 
TOlS3. « tes 25 | 10 30 | .5304| +-83|—-172) --15| —33] 0.5 | 0.5 
Gir ror2ia <. May tao |60 62) |o.2502l ool. ae Olona On5t | erauees 


SPECTROGRAPHIC OBSERVATIONS 


The Harvard estimate of the spectral type is Fo. The first photo- 
graphs of the spectrum obtained at this observatory were taken for 
the purpose of determining the absolute magnitude and parallax. 
It was immediately seen’ that the spectrum is very different from 
that of Cepheid or cluster-type variables, the lines being wide and 
hazy, because of a large rotational effect like that found in W Ursae 
Majoris. In some cases the lines appeared to be double. On account 
of the character of the spectrum, the plates are extremely difficult to 


t Astronomische Nachrichten, 194, 353, 1913. 
2 Monthly Notices of the Royal Astronomical Society, 73, 659, 1913. 
3 Adams and Joy, Publications of the Astronomical Society of the Pacific, 31, 41, 1919. 
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measure and the results are accordingly uncertain, especially in the 
case of the secondary spectrum. As more observations were ob- 
tained, it became evident that the period of light-variation could be 
used to plot the velocity changes only if the double period of sixteen 


km/sec. 


+160 


+ 80} 


Fic. 1.—Velocity-curves of the components of S Antliae 


hours were adopted. The predicted maximum of light occurs at the 
time of maximum separation of the two components of the spectrum, 
and minimum of light when the spectrum is single. It is therefore 
concluded that the star must be an eclipsing binary having ellip- 
soidal components of nearly the same surface brightness which 
partially eclipse each other. The spectral type is estimated as A8& 
for each star, but there is much uncertainty in the case of the fainter 
spectrum. On many of the plates, the weaker lines of both compo- 
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nents are lacking, and the stronger lines very poorly defined. The 
lines of the secondary are always measured with difficulty. The low 
altitude of the star caused some of the spectrograms to be weak in 
the violet region. 

Nineteen plates were obtained as given in Table I. All were meas- 
ured at least once by the writer, and the weight for most of them 
is increased by the measures of Mr. Adams and Miss Burwell. 

Since neither the photometric observations nor the velocity- 
curve show any indication of eccentricity, the orbit is assumed to be 
circular. Separate solutions were made to determine the correction 
to the remaining elements of the primary and secondary. The veloc- 
ity of the system, y, was not included in the secondary solution, 
since it was considered to be more accurately defined by the solution 
for the primary. When the period is doubled, the photometric ele- 
ments of Luizet, y 


Min.=J.D. 2410741 .5248-+0.64833872 day (G.M.T.) 


satisfy the observations very exactly. Since more than eighteen 
thousand complete revolutions have taken place since the initial 
epoch, it is evident that the period cannot have changed by as much 
as one-tenth of a second in thirty years. 

The corrected elements of the spectrographic orbit as determined 
by the observations are: 


e€=0.0 (assumed) a, sin i= 722,000 km 

y=—5.0+1.8km/sec. a, sini=1,320,000 km 
K,=81+2.5 km/sec. mM, sinsi=O.52 
K,=148+11.6 km/sec. Mz Sin3i=0.29 


The residuals in the seventh and eighth columns of Table I are 
computed from these elements. 


PHOTOMETRIC ORBIT 


The outcome of the spectroscopic observations makes it worth 
while to re-examine the available photometric data, with a view to 
the determination of other facts concerning this well-known variable. 
It is of especial interest to see whether it is possible to account for 
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the observed light-changes by assuming that the two bodies are 
ellipsoidal stars partially eclipsing each other. 

The observations with the meridian photometer by Pickering" 
in 1896 and those of Wendell? in 1898 with the sliding-prism polar- _ 
izing photometer have been used, the latter being adjusted to the 
meridian observations by applying a correction of +0.16 mag. The 
measures were grouped according to time in twenty-three normal 
places as given in Table II. The phases were determined from 


Luizet’s elements. 
TABLE II 


HARVARD PHOTOMETRIC OBSERVATIONS 


Mean Mag. ge No. Mean Mag. Lin No. Mean Mag. hea No. 

6.84 0.006 OM |OR4s ae oss Cuzo7 12) Oona tags 4 
6.75 .O16 Gh \OBy er - s251 PMWNGRAO en eac .460 | 18 
6.67 .028 a NOTOL os SE Tie NOs30 sane . 502 Ly) 
On5Os.eine .O51 9 |j6.76.. .318 Ame ||OnAT eee -545 3 
6.52 .065 Re ORG ss AS pol OR eam .576 19 
6.38 .098 fo) sal | LY Rye hee - 349 Eye NOs Oye eee -OTO |) 15 
Onan .146 etn O Sans a7. 2a, lOn70% seenes||  OnOS0. me LO 
G5s0tees 2 ©. 204 28 116.53. 0.398 8 


The observations show large errors, probably because of the 
southern declination of the star. Too much confidence should not be 
placed upon the arbitrary light-curve, which has been drawn as 
shown in Figure 2. It is evident, however, that the minima are not 
exactly equal in depth, and that after allowing for a considerable 
ellipticity, there remains a small percentage loss of light which may 
be caused by eclipse. 

Using Russell’s* method and notation, we find by plotting cos? 
against 1—J?, the magnitudes being reduced to intensities, that z= 
0.340. The rectified curve then shows that the loss of light because 
of eclipse is 0.145 at primary and 0.120 at secondary minimum. The 
loss because of the ellipticity of the stars is 0.188. 

By setting different values for a, and & in the equation 


tN 
ado= I—Ar+ iz - ; 
t Harvard Annals, 46, 124, 1903. 
2 Tbid., 69, 44, 1909. 3 Astrophysical Journal, 35, 315; 36, 54, 1912. 
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it is seen that the orbit would be largely indeterminate were it not 
for the assistance of the spectroscopic data at this point. The spec- 
trograms indicate that one star is brighter than the other in the 
ratio of approximately 2:1. After calculating the ratio of surface 
brightnesses by comparing the minima and the total light of the two 
stars, the ratio of the radii, k, is found to be 0.775. Had the ratio 
3:2 been used instead of 2:1, the resulting dimensions of the stars 
would have been changed by less than 1o per cent. A light-curve 
was computed with k=0.775 and a)=0.36 which fits the rectified 
light-curve at minimum within the uncertainties of the observations. 


Fic. 2.—Light-curve of S Antliae 


If we take 0.09 day before minimum as the beginning of eclipse, 
the corresponding value of the longitude, 0’, may be computed, and 
the inclination, 7=62° 10’, may be found from the equations 

az(i1—2)[1+kp(k, do) ?=cos? z 
az(1—z cos? 6’) (1+k)?= cos? 7 cos? 6’+sin? 6’. 


The dimensions of the stars in terms of the radius of the relative 
orbit are: 


Semi-major axis of larger star.......... Co ee 0502 
Semi-minor axis of larger star.......... Dae ee 377, 
Semi-major axis of smaller star......... BS ce 389 
Semi-minor axis of smaller star......... Da ee he 0.292 
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The value of the inclination of the orbit having been determined 
from the photometric observations, it is possible to give absolute 
values for the dimensions of the system by combining the photo- 
metric and spectroscopic elements. We thus find: 


WP CLIOG MER ie nave ieee OP etre cit a ener: Paper. 0.64833872 day 
@rpitalseccenthicttvan. 7 esate oe OG, enon ee 0.00 (assumed) 
PicunOmDMe hi stale erent ae sare Te TO a 0.67 

Ratio of surface brightness............. LYE S eee 1.2 

S DECLIAISey DEMO LOL StALS um eer hier. Gr ciets.a etc A8 

PeerGs tac OF stats. So 20a5 22 sie: 2% ee ert ey. 0.775 
ercentare Of EClipsemar ces ¢ <n ee acres ig tees Me 0.36 

DD ITALIONSOMECHDSE mere eee ce srcctiretin tise a cote eee 0.180 day 
Miers cv tiokyeh eats abnliilas Ho ac ooaeoods 4 aS aasa loc 6.39 
Magnitude at primary minimum.................. 6.83 
Magnitude at secondary minimum................ 6.79 
IniclinatlonrOLOrpit ee eens erm s raters elects Geto 62° 10’ 
Radius of relative Orbits ee eerie see = Gat Oger: 2,300,000 km 
Radius of primary orbites.-...22.--6-n - Gixine ae 817,000 
Radisror secondary Orbltesass. esse: Cine ere es 1,490,000 
Semuemajonamis AT Ceistalee wcwsses > aetna eee 1,160,000 
Semil-minoraxisy dare star... .ccee- es. se ecie cece ees 870,000 
SEMI aj ObeAXIS wSIiallesbAT seta we (estas eeyeteyer ie clown ate ae 896,000 
SEM MaIMOmASIS pSiiall Staten cts ara stain iter ittele vee 674,000 
Distance ob surtaces ners eres s cierto ese 251,000 
Massmprimary taree state) wanes aa Laem 0.75 © 
Mass, secondary small star............. US ae 0.42 
WDENSIEVaelat re SEAL coin. aie cos cree Dice en 0.31 

IDYsakiinis CNM Pe oe Se adeas]hossonec Do aoe 0.38 
Absolute magnitude, bright star........1 ec ee 2.9 

JEEPERS ale acsehatraeet tee ae 8 cn eanoiaie aaa even ny MRR ee o%017 


The difference in velocity at the two limbs of the larger star due 
to rotation is 225 km/sec., which easily accounts for the character 
of the spectral lines. For determining the absolute magnitude the 
brighter star was assumed to have a surface brightness 1.1 mag. 
brighter than that of the sun. No darkened solution was attempted 
on account of the inaccuracy of the light-curve, but it seems prob- 
able from inspection that the observations would have been some- 
what better represented by the assumption of darkening at the 
limb. 
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It therefore appears that the variable S Antliae should be classed 
among the eclipsing binaries. The light-changes can be accounted 
for by ellipticity of the stars and by the partial eclipse of the larger, 
brighter, and more massive star at primary minimum. The star will 
repay further accurate photometric observation, for the present re- 
sults must be affected by a considerable degree of uncertainty. 

Of those variable stars which have been suggested as single rotat- 
ing ellipsoids, not one has been found to meet the necessary spectro- 
graphic requirements. 


Mount WItson OBSERVATORY 
August 1926 
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GENERAL CHARACTERISTICS OF ELECTRICALLY 
EXPLODED WIRES 


By J. A. ANDERSON anp SINCLAIR SMITH 
ABSTRACT 


A general discussion of the condenser circuit shows that efficiency in producing high 
temperatures with the method of electrically exploded wires requires primarily high 
voltage; secondarily, large capacity and low inductance. The best value for the resistance 


of the wire is V L/C, and the resistance of the rest of the circuit should be negligible. 

Several methods of studying the explosions are outlined: (1) From direct photo- 
graphs the temperature of the vapor may be measured when its pressure is equal to that 
of the surrounding atmosphere. (2) A convenient form of rotating-mirror camera is 
described, which is well adapted for studying sparks or explosions in circuits whose 
frequency is not much greater than 10° cycles. (3) Rotating-mirror spectrograph. (4) 
Velocity-of-sound method. The sound pulse produced by the explosion is reflected back 
and caused to pass through the hot metallic vapor. Its path is photographed with the 
rotating-mirror camera. From this the velocity of sound in the vapor can be determined 
at various instants of time after the beginning of the explosion. A simple calculation 
then gives the (rue temperature of the vapor at these instants. The method does not apply 
to the early stages when the temperature exceeds 10,000° on account of the opacity of 
the vapor. (5) Optical focal-plane shutter. In the mechanical focal-plane shutter the 
image is stationary while the shutter moves. This is reversed in the present apparatus. 
The image moves at high speed produced by reflection from one face of a rotating mirror. 
After passing the opening in the shutter it is reflected from a second face of the mirror 
which exactly stops the motion, allowing the photograph to be made. Exposures of 
about 10~* second are easily obtained. A motion-picture camera taking several such 
exposures in quick succession is suggested. Photographs made with this apparatus 
showing various phases of explosions are reproduced. (6) Magneto-optic shutter. A cell 
containing water is placed between crossed nicols. A small coil of wire connected in 
series with the wire to be exploded is wound around the cell. The coil is so designed that 
with the maximum current a rotation of the plane of polarization of about 20° is pro- 
duced. With a suitable resistance in the circuit it follows that the shutter is open only 
near the maximum of the first half-cycle. Photographs of an early stage of the explosions 
are reproduced and discussed briefly. (7) Parallel spark-gap. A spark-gap parallel to the 
wire to be exploded is so adjusted that the current is shunted into it immediately after 
the wire is vaporized. This is possible for all metals tried except tungsten. A photo- 
graph of the wire then shows practically nothing but the very beginning of the explosion. 

The appearance of explosions at the very beginning indicates that the particles 
evaporating from electrically heated wires at high temperatures are charged. 


Six years ago one of us published an account of the spectra of 
electrically exploded wires’ in which was included a description of 
some of the phenomena of an explosion. Since then methods and 
apparatus have been devised which greatly facilitate the study of 
such transient phenomena, and these, together with some of the 
conclusions we have reached, form the subject of the present paper. 


t Anderson, Mt. Wilson Contr., No. 178; Astrophysical Journal, 51, 37, 1920. 
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The chief aim of the investigation is to produce very high tem- 
peratures. The method is that used first by Singer and later by 
Nipher, namely, to pass the current from a large condenser through 
a fine wire. Since by this means currents having an instantaneous 
value of several thousand amperes are readily obtained, it follows 
that a small wire will be heated and turned into vapor very sudden- 
ly. The word “explosion” was used by Nipher to describe the phe- 
nomenon, and we have followed him in this, although we do not 
agree with the reasoning which appears to have led him to choose 
this term. 

In order to specify more or less precisely the conditions which 
favor the development of high temperatures it will be desirable to 
recall the well-known formulae which have been developed for con- 
denser circuits. Such a circuit is defined by four constants, namely, 
the capacity (C) of the condenser, the inductance (Z), the resistance 
(R) of the circuit, and the voltage (V) of the charged condenser. 
The current (7) is then given by 


vert "ona 
se oe eee 
i ere sin ¢ A Le? (1) 


provided R is less than 2V L/C, and by 


RT R 
— CU aL i PR ie Se 2 
i eas ‘ sinh ¢ Fig AVE (2) 
4L? LC 


in the general case. 

It will be convenient to regard the resistance R as made up of 
two parts, the resistance of the wire (7) and that of the rest of the 
circuit (R,). Heat energy is developed in the wire at a rate given by 
?r, and in the rest of the circuit at the rate 7?R,. Consequently, it is 
necessary that r be large as compared to R,, if the greater part of the 
energy is to appear in the wire. Practically, this means that R, must 
be made very small, for it will be shown later that the total re- 
sistance +R, may not be large. The current i which appears in the 
expression for the rate of energy input is of first importance, because 
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it enters with the exponent 2. The product 777 must be made as 
large as possible. From equation (1) it follows that 7?R will be a 
maximum when R=V L/C nearly, and since r will not differ very 
materially from R, this is very nearly the best value for the resistance 
of the wire. 

There remains now to find what the relative values of the other 
constants C, L,and V should be. Inserting in (1) the value of R just 
found, we find that the maximum value of 7? is 


4V2 : e-ft. 


Hence, 2? varies as V?C/L, from which it follows that a large value 
of V is of first importance; that C should be large also, and L as 
small as possible. 

Four condensers have been used in this work, and the constants 
of their circuits are given in Table I. 


TABLE I 
Capacity Inductance Voltage i Max. Energy 
Condenser No. Microfarads | Millihenrys Kilovolts Amperes Frequency Joules 
Tite lekamera intersects 0.4 0.0033 18-20 7,000 140,000 80 
Di ecg eval Ries TO .0034 18-20 10, 800 87,000 200 
See Wanisher css is 0.6 .OOIL 55-60 45,000 200,000 to80 
A Feccler sitave sr arta ke 2.0 0.0036 35-40 30,000 60,000 1600 


Condensers 1 and 2 were built of sheets of window glass coated 
with tinfoil. Condenser 3 is of special plate glass, 11 mm thick. The 
electrodes are sheets of wire gauze imbedded in the center of each 
plate. These plates were made to order by the Mississippi Wire Glass 
Company, of New York, to whom, and especially to the superin- 
tendent of their factory, Mr. H. L. Carspecken, we are deeply grate- 
ful. Condenser 4 is made of window glass, but is coated with thin 
sheet copper, allowing the leads to be soldered on, thus insuring good 
electric contact throughout. It is made in eight units, each having 
a capacity of 1.0 microfarad. These units may be connected in 
various ways giving a number of different capacities and voltages. 
The arrangement for which constants are given in Table I is four 
pairs in series-parallel. 
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All of the condensers have been used in air, that is, not immersed 
in oil or any other special insulator, for the reason that in this kind 
of work glass plates occasionally fail, and if the condenser were im- 
mersed in oil, its repair would in general be a rather tedious matter, 
requiring much unpleasant work and a considerable loss of time. 


METHODS OF STUDY 


1. Direct photographs—Photographs' taken with a stop small 
enough to avoid over-exposure show the explosion to consist of two 
distinct parts: an inner very bright cylinder, usually from 2 to 3 cm 
in diameter and a little longer than the wire, and a much fainter 
flame, very irregular, bothin shape and brightness, surrounding this 
cylinder. In the first paper, these parts were supposed to correspond 
to the limiting volume of vapor during the first and second half- 
oscillations of the current in the condenser circuit, but later methods 
of observation have shown that the flame develops chiefly after the 
current has ceased to flow. During the main explosion the vapor, 
which at first occupies a volume not much larger than the wire, ex- 
pands with diminishing speed until, after two or three oscillations of 
the circuit, its volume becomes constant, or nearly so. It is this con- 
stant volume which is outlined by the bright inner cylinder shown 
by the direct photographs. In cooling, the vapor combines with the 
oxygen of the surrounding air, and this reaction produces the flame 
seen around the bright cylinder. Since the flame is caused by oxida- 
tion, it is in reality not a part of the explosion proper. A few wires 
have been exploded in atmospheres of hydrogen and of carbon 
dioxide; in these cases the bright cylinder appeared without the sur- 
rounding flame. 

The fact that the bright cylinder soon attains a constant size is 
easy to explain and leads to a simple method of estimating the tem- 
perature. When first formed the metallic vapor must have a high 
pressure. As a result, it expands rapidly and the pressure falls. 
Equilibrium obtains only when the pressure becomes equal to that 
of the surrounding air, and observations described below show that 
this state is reached after a very few oscillations of the circuit, in 
something like 1/25,000 sec. 


* Mt. Wilson Contr., No. 178; Astrophysical Journal, 51, 40, Plate VIId, e, 1920. 
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The volume occupied by the metallic vapor at atmospheric pres- 
sure may be determined from a direct photograph made to a known 
scale. The mass of the vapor is known, for it is equal to the mass of 
the wire used in the explosion. From the gas equation we then have 

mop 
where T is the absolute temperature, m the molecular weight, v the 
volume, p the pressure, M7 the mass, and # the gas constant. There 
are two unknown quantities J and m, and hence another equa- 
tion is required. The equation first given by Saha, viz., 
a 5036 I 


P= 


logro ea ego cee loge T—6.49 , (4) 


will do since it involves only J, the ionization potential, and x, the 
percentage ionization. The ionization potential is known for most 
metallic elements, and x is just what is required to compute the 
molecular weight of the vapor. At high temperatures metallic vapors 
are monatomic, and, consequently, if A is the atomic weight, the 
mean molecular weight m is given by 


A 
If. 


m= (5) 

With p=1, and J equal to the ionization potential of the metal 
studied, a curve is drawn giving x as a function of T on the basis of 
equation (4). A value of T is found from equation (3) by inserting 
the observed value of v, and taking m=A. In general, this value of 
T will be much too high, but from the curve the corresponding value 
of x is read off, which, inserted in m, gives a first approximation to the 
molecular weight. A new value of 7 is then found from (3), which 
gives a second value of x, and hence by (5) a second approximation 
to m, and so on, until the correct value is found. The process con- 
verges quite rapidly, but in case the first value of « is 0.5 or larger, 
the process can be much shortened by arbitrarily using one-half of 
this value in computing the first approximation to m. 

The value of 7 found by this process probably represents the 
average temperature of the vapor when the pressure has reached that 
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of the surrounding atmosphere. This will be considerably lower than 
the highest temperature attained. There is every reason for believ- 
ing that the maximum temperature is reached near the middle of the 
first half-oscillation of the circuit, because at this time the current 
has its greatest value, and the radiating surface of the mass of vapor 
is very much smaller than at later stages. Further, the photographs 
discussed in the following section show that the brightness is greatest 
during the first half-cycle. Still, for comparing explosions of differ- 
ent substances, or of the same substance produced under different 
conditions, this method of determining T should prove of value. 


FIG. x 


2. Rotating-mirror camera.—The essential features of this ap- 
paratus may be seen in Figure 1. £ is the source (spark, explosion, 
etc.) to be studied. The lens LZ, forms'an image of EF on the slit S, 
which is perpendicular to the plane of the paper. ZL, forms an image 
of S on the photographic film F after reflection from one of the faces 
of the mirror M@. When WM is rotated, this image moves along the 
film from A to B. The arc AB is one-fourth of a circle, and, as the 
mirror has eight faces, it follows that when the slit image reflected 
from face 1 is just leaving the film at B, the image reflected from 
face 2 is just entering the film at A. Consequently, if the phenomenon 
at E does not last longer than the time required for the slit image to 
move from A to B, it must necessarily be recorded on the film, and 
by varying the speed of rotation of the mirror this condition can 
always be satisfied. 

The distance from M to F is 25 cm. Hence, if M makes 150 
revolutions per second, the linear speed of the slit image along F is 
25 X 2m X 300 = 47,250 cm per second, which is sufficient for a study 
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PLATE XII 


PHOTOGRAPHS OF TRON Wrrie EXPLosions 


Rotating-mirror camera: a, open-air explosion, end on; p, confined explosion, end on; 3b, ¢, 
d, ¢, photographs showing passage of sound pulses through iron vapor. 

Direct photographs of explosions: f, g, , 7, with optical focal-plane shutter; 7, k, 1, m, m, 
magneto-optic shutter. 
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of sparks in circuits whose frequency does not exceed one million 
cycles. 

A photograph of the explosion of an iron wire taken with this 
camera is reproduced in Plate XIIa. The frequency of the circuit was 
eighty-seven thousand cycles, so that the time interval between the 
bright bands which are faintly visible near the left end of the picture 
was 5.7 107° sec. The slit was 1/50 mm in width, and its image 
moved from left to right. The beginning of the explosion is there- 
fore at the left. 

3. Rotating-mirror spectrograph—The apparatus has been de- 
scribed by one of us.t The work done with the instrument shows that 
throughout at least the first half-cycle the spectrum of the explosion 
is continuous, and, consequently, that the vapor radiates essentially 
like a black body. Beginning with the second cycle, the continuous 
spectrum weakens rapidly and is replaced by a spectrum of bright 
lines similar to that of an arc. 

4. Velocity-of-sound method.—This simple application of the 
rotating-mirror camera furnishes valuable information about the 
temperature, especially during the later stages when the vapor no 
longer radiates as a black body, and when, in consequence, it 
is impossible to make temperature determinations by radiation 
methods. 

The explosion E (Fig. 1) is projected on the slit S end-on. A 
sound pulse is made to traverse the explosion in a direction parallel 
to that of the slit, that is, at right angles to the plane of the paper. 
If the sound pulse is a compression, the temperature within it will 
be somewhat higher than outside, and since it travels parallel to the 
slit, its trace on the photographic film will be a bright line inclined 
at some angle to the direction of travel of the slit image. The sound 
pulse utilized is that produced in the air by the rapid initial ex- 
pansion of the explosion vapor. Two concave cylindrical mirrors 
are placed one on each side of the wire to reflect the sound pulse 
back to the explosion. In Figure 1, one of these mirrors would be 
directly above the plane of the paper at £, the other directly below. 
If their distances from the wire are exactly equal, the two reflected 
pulses will arrive simultaneously, and the two traces on the photo- 

t Sinclair Smith, Mt. Wilson Contr., No. 285; Astrophysical Journal, 61, 186, 1925. 
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graphic film will cross at the center of the slit image. Several photo- 
graphs of this sort are reproduced in Plate XIIB, ¢, d, e. 

The velocity of sound (V) in the vapor is readily determined by 
measuring the angle (9) between the two traces, the ratio (IZ) of 
the size of an object at E to its image on the film FP, and the linear 
speed (V.) of the slit image on F. In the diagram (Fig. 2), let AB 
and CD be the two traces on the photograph. The sound wave 
travels the distance M x AP while the slit image moves from P to O. 
Hence MXAP=Vi; PO=V.,t; therefore 


AP! ues 
PO MY 
or (6) 


a MV. tan ° . 


The velocity of sound in a gas is given by 


Thy 
va, (7) 


where y¥ is the ratio of the specific heats, and may be taken as 1.66 
for all monatomic gases such as the metallic vapors at high temper- 
atures. R is the gas constant 8.316 X10’, T is the absolute temper- 
ature, and m the molecular weight. Hence, when V has been deter- 
mined by observation, equation (7) gives the ratio T/m, and conse- 
quently 7, since m may be found by the method discussed in connec- 
tion with equations (4) and (5). This value of T is the actual average 
temperature of the vapor at the moment when it is traversed by the 
sound pulse. By changing the distance between the wire and the 
cylindrical mirrors, the time interval between the beginning of the 
explosion and the moment at which the temperature is determined 
may be varied through a considerable range. It has been found that 
very good traces are obtained when the mirrors are from 3 to 7 cm 
from the wire. Since the radius of the cylinder of vapor is of the 
order of 1.5 cm, this gives from 3 to 11 cm for the length of path 
traveled by the sound pulse in air before it enters the hot vapor. The 
corresponding times measured from the beginning of the explosion 
are about 1/11,000 to 1/3000 sec. Fair traces are recorded when the 
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mirrors are placed 2.5 cm from the wire, giving a path of 2 cm and 
an interval of about 1/17,000 sec. With the mirrors at 2 cm the 
traces are poorly defined and very difficult to measure. Probably 
this indicates that at such an early stage (less than 1/30,000 
sec. from the beginning of the explosion) the vapor is not very 
transparent. Figure 3 will make this clear. 

Let £ represent the vapor cylinder of the 
explosion, R one of the reflectors, and ABC 
the sound wave passing through £ in the direc- 
tion given by the arrows. The projecting 
lens and slit are at LZ and S. The surface 
ABC is at a slightly higher temperature 
than the surrounding vapors of £, and, if 


R 


Fic. 3 


these are fairly transparent, light from all points of ABC will reach 
the slit S. If, however, the body of £ is only partially transparent, 
the lens Z will receive light from only a short distance within the 
vapor. Now in the neighborhood of C the temperature is not uniform, 
and, consequently, the sound pulse will travel with a lower velocity 
near the boundary than inside. The result will be a poorly defined 
image of the sound pulse, just as is observed when the mirrors are 
placed less than 2.5 cm from the wire. 

Table II gives the results of one series of measures made on 
explosions of iron wires. 

5. Optical focal-plane shutter.-—The rotating-mirror camera re- 
cords only what happens in some one plane passed through the 


t The absence of literature references does not mean that we regard any of the 
devices described in this paper as new. The principles are all well-known, and they have 
been frequently applied in the construction of apparatus by research workers every- 
where. 
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source E, and it is often desirable to know just what the source as 
a whole looks like at any instant. It is certain that great changes 
take place in the explosion in 1o7S sec., and, at the beginning, in 
even much shorter time. Consequently, a camera is required which 
will take a picture of the source in something like 1o~° sec. Still 
better would be a motion-picture camera taking pictures with this 
exposure at the rate of say 500,000 per second. While neither of 
these requirements has been satisfied, a first step has been taken 
with the optical focal-plane shutter, and with the magneto-optic 
shutter described in the next section. 

The optical focal-plane shutter, which is an adaptation of the 
rotating-mirror camera, is shown diagrammatically in Figure 4. A 
lens forms a small image of the source in the widely opened slit at 


TABLE II 
Distance from Wire to Mirrors Inclination of Porcentéce Ion. |Temp. (Ion. Pot. 
in Centimeters race=60/2 Assumed=7 V.) 
66°0 40 8800° K 
62.8 20 7650 
61.7 14 72600 
60.4 9 6880 
59-35 6 6410 


I. The lens L, focuses this image after reflection from face 1 of the 
mirror WZ at some point on the circular arc FF ordinarily occupied 
by the photographic film. As M rotates, this image travels along FF. 
At m is placed a small plane mirror which reflects the light to face 2 
of the rotating mirror. The length of m in the direction perpendicu- 
lar to the plane of the paper is equal to the length of M in the same 
direction, while in the direction of travel of the image it is usually 
diaphragmed down to 1mm or less as may be desired. The light, 
after reflection from M,, passes through the lens L,, which brings it to 
a focus on a photographic plate at P. Since the angular speed of M/, 
is just one-half the angular speed of the light beam from m, it follows 
that the image at P is stationary. When M is rotating, the appear- 
ance on a ground-glass at P when the image of m sweeps by is pre- 
cisely the same as that seen on the ground-glass of a camera fitted 
with a focal-plane shutter when the slot passes by. Hence, the name 
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“optical focal-plane shutter’’ is suggested for this device. It has, of 
course, all the faults of the ordinary shutter of this type. If, for 
example, the image J is wide compared to the width of m, and is 
changing very rapidly in position or shape, there is a certain amount 
of distortion of the picture produced at P. As far as speed is con- 
cerned, however, this device is much superior to the mechanical 
shutter. The linear speed of the latter does not often exceed 10 m per 
second, while in the present camera we have used 500 m per second 
regularly, and this can easily be increased. 

In photographing the explosions, the image J, formed by a good 
lens, was about one-fifth of the natural size. Hence, the diameter of 
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the bright cylinder at J measured about 5 mm. The image at m was 
of the same size as at J, while at P it was reduced in the ratio 7:5. 
The actual exposure time is that required for any point of the image 
to move across m; and, as this was 1 mm in width, it follows that a 
given point on the plate was illuminated for 1/500,000 sec. This al- 
ways resulted in over-exposure for the bright cylinder, but was about 
right for the flame. The time required for the whole image to be im- 
pressed on the plate P is, of course, the time required for the image 
to move across m, and thus depends on the size of this image. In our 
case this time was about 1/100,000 sec. 

Unfortunately, there is no way of synchronizing the explosion 
and the rotation of the mirror. Consequently, the beginning of the 
explosion may fall at any point along the arc FF, while only that 
stage is recorded which happens to fall on the small mirror m. Many 
photographs must therefore be taken in order to show all stages in 
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the development of the phenomenon. In Plate XIT/, g, /, 7, are re- 
produced four photographs out of a series of seventy-five taken with 
this camera; f shows the explosion in a very early stage when the cyl- 
inder of vapor is expanding very rapidly. In Plate XIIg it has 
reached its normal size, corresponding approximately to atmos- 
pheric pressure; / is somewhat later, while 7 shows the flame prod- 
uced by the oxidation of the iron vapor. 

If, in Figure 4, a second mirror like m were placed quite near to 
m, but so adjusted as to reflect the light to face 3 instead of to face 2, 


E Ny ? No " 

Sy o.0'9 | NH 
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and if the light so reflected were received by a second lens and plate 
like L; and P, properly placed, we should have an arrangement 
which would always take two photographs in quick succession. In- 
deed, the time interval separating them would be equal to the time 
required for the mirror M to turn through one-half the angle sub- 
tended by the two mirrors m as seen from M, and this could be made 
very short indeed. In general, it will be clear that if the mirror @ 
has ” faces, one could employ (7/4)? mirrors like m, and hence 
obtain (7/4)? photographs at perfectly, arbitrary time intervals. 
With = 16, this would give a series of sixteen pictures showing six- 
teen successive stages of the explosion. 

6. Magneto-optic shutter.—This device utilizes the magnetic rota- 
tion of the plane of polarization by a liquid such as water. A water- 
cell W (Fig. 5) is placed between crossed nicols NV, and N, directly in 
front of the camera C, suitable diaphragms being placed so that no 
light can enter the camera except that which has passed through the 
water cell. A few turns of wire, S, connected directly in the discharge 
circuit, are wound about W. The number of turns is so chosen that 
the plane of polarization for the average wave-length of photographic 
light is rotated some 10°—20° when the current has its first maximum 
value, and sufficient resistance is inserted in the circuit to make sure 
that the current in the second half-cycle will not “open” the shutter 
appreciably. Consequently, the photograph shows the explosion as 
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it appears during the middle of the first half-cycle. One might there- 
fore conclude that the method has no flexibility but must always 
show only one phase of the explosion. This is not the case, for, by 
varying the current and, simultaneously, the number of turns in 
the coil S, the shutter-opening can be maintained sensibly con- 
stant while the phase of the explosion may be varied through a con- 
siderable range. For example, let the current be chosen so that the 
vaporization of the wire is com- 


pleted just before the maximum a w & 
value is reached; then if enough 

turns of wire have been placed 

around the water-cell to open the S 
shutter the required amount, a Fic. 6 


photograph will be obtained show- 

ing a very early phase of the explosion. On the other hand, if the 
maximum possible current is used with say only one turn of wire 
in S, the vaporization of the wire will have been completed long 
before the shutter opens, and hence a relatively late phase will be 
recorded. 

Five photographs selected from a large number taken with this 
shutter are reproduced in Plate XII7,k,/,m,n. These were made with 
condenser 3 operated at a frequency of approximately one hundred 
thousand cycles. The coil S had ten turns of wire, and was not 
changed during the experiments. Some variation was produced 
by changing the current: the voltage of the condenser was varied 
from 4o to about 18 kv. In Plate XII,7, k, and / show explosions of 
nickel wires with voltages of 40, 30, and 22 kv, respectively. In 
Plate XII, m and were taken with thin aluminum ribbons so placed 
that approximately half of the ribbon presented the flat face to the 
camera, the other half the edge. These are marked F and HE. The 
peculiarities exhibited by these photographs will be considered in 
the discussion. 

7. Parallel spark-gap.—This method enables us to photograph a 
very early stage of the explosion of all metals tried except tungsten. 
As seen in Figure 6, a spark-gap S is connected in parallel with the 
wire W and as close to the latter as possible. At the beginning of the 
discharge the current flows only through the conducting path AWB, 
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and it continues to do so until the voltage drop across AB becomes 
greater than the potential difference required to break down the gap 
S, after which it flows through S. If S is made very short, this will in 
general happen before the wire is vaporized; but by a proper adjust- 
ment of the spark-gap one can always insure that the wire is com- 
pletely vaporized before the change of path takes place. A photo- 
graph of AB shows in this case the early stage, plus the flame result- 
ing from oxidation, if the experiment is performed in air. The flame 
can be largely suppressed, however, by the expedient of taking the 
picture with a heavily silvered quartz lens. This transmits only the 
3150 A region of the spectrum, in which the flame is rather weak. 
Plate XIIIs, ¢, shows two photographs made with this arrangement. 

By projecting both the wire and the spark-gap simultaneously on 
the slit of the rotating-mirror camera, a photograph is obtained 
which shows clearly that the current jumps suddenly from the wire 
to the gap and stays there during the remainder of the discharge. 
Such a photograph, taken when W was an aluminum wire and the 
spark-gap had a length of 12 mm, is reproduced in Plate XIIIo. 
When a tungsten wire is used, the current does not pass wholly to the 
spark-gap, but divides, part going each way. 

This method is interesting and very easy to apply. It has the 
disadvantage that it always shows the same very early phase of the 
explosion. Just why it works with most metals and cannot be made 
to work with tungsten is a problem which thus far has not been 
entirely solved. 

8. Miscellaneous studies.—If the wire is placed in a slot 3 or 4mm 
wide, 2 cm deep, and a little longer than the wire itself, the explosion 
differs very materially from one taken in the open air. Plate XIIp 
shows a photograph of such an explosion made with the rotating- 
mirror camera (cf. this with the open-air explosion shown in Plate 
XIIa). The luminosity of the vapor lasts only through the first three 
or three and one-half cycles, and the flame, as well as the long tail 
following the oscillations in the open-air explosion, is completely sup- 
pressed. The rotating-mirror spectrograph shows* that the spectrum 
remains continuous during the whole time. This will be called the 

* Mt. Wilson Contr., No. 285; Astrophysical Journal, 61, 191-193, and Plate VIIIc, 
1925. 
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“confined explosion” to distinguish it from the ordinary or ‘‘open- 
air” explosion. It has been used in most of the spectroscopic studies 
because all the arc lines and many spark lines appear in absorption. 
The spectrum of iron was photographed in the first and second orders 
of a 15-ft. concave grating, and a map extending from 2600 to 
6600 A has been prepared from these plates. Plate XIIIq, 7, shows 
two sections of this map, which give a good idea of the richness of 
the spectrum and the character of the lines. 

Energy curves of the confined explosion of iron have been de- 
termined by employing a vacuum thermocouple mounted so that it 
could be moved along the focal curve of a small quartz spectrograph. 
Ample deflections were obtained throughout the range 0.2—3u. Such 
a curve is not easy to interpret, since the radiation is integrated over 
the whole duration of the explosion, and in this time the temperature 
varies enormously. When reduced to a normal spectrum, so that the 
ordinates are proportional to £,, the maximum ordinate was found 
near 2650 A, with a second maximum of very nearly the same value 
at 2100 A. Throughout the ultra-violet region, low values of Fy 
were always found roughly to correspond to the larger groups of 
strong iron absorption lines. 

Spectrograms of open-air explosions, which have been obtained 
for most of the metals, are difficult to interpret, because they are 
composite pictures of a number of different phenomena. During the 
first cycle the spectrum is mainly continuous with absorption lines. 
Beginning with the second cycle, the continuous spectrum decreases 
rapidly in intensity, and bright lines make their appearance, the 
spark lines showing first. Very soon the whole arc spectrum appears 
in emission, the low-temperature lines being strongly reversed. The 
flame which follows probably affects the integrated spectrum very 
little, owing to its inferior intensity. The spectrogram consequent- 
ly shows a strong continuous background with the low-temperature 
arc lines appearing as rather narrow absorption lines; the spark lines 
and some high-temperature arc lines show bright, while lines of inter- 
mediate temperature classes may be practically absent. The appear- 
ance varies in different parts of the spectrum. In the ultra-violet, 
where reversals are relatively easy to obtain, many spark and most 
of the arc lines appear dark. In the visible portion most spark lines 


373 


16 J. A. ANDERSON AND SINCLAIR SMITH 


are bright and only the low-temperature arc lines appear in absorp- 
tion. Near the red end of the spectrum dark lines are not frequently 
observed. 

It is useless to attempt to draw conclusions from the study of an 
integrated spectrum such as this. Consider for a moment the photo- 
graphs shown in PlateXIIb,c,d,e. It will be observed that the passage 
of the sound wave through the vapor very soon quenches the lumi- 
nosity of that stage which follows the oscillations and which has 
been referred to above as the “‘tail.’’ Now this stage emits bright 
lines (the arc spectrum) with little or no continuous spectrum. 
Hence, by arranging two reflectors near the explosion, one can grad- 
ually remove from the integrated spectrum all the bright-line emis- 
sion by merely moving the reflectors closer to the wire, without 
changing in any way the discharge conditions in the circuit. In fact, 
all stages between the open-air and the confined explosion can be 
produced in this way. 

A somewhat more interesting series of changes can be produced 
by introducing self-induction into the circuit when studying open-air 
explosions. With a fair amount of inductance the continuous spec- 
trum is suppressed entirely, and the spectrum approximates very 
closely a normal arc spectrum. Reducing the amount of inductance 
causes the spectrum to change gradually into that of the open-air 
explosion. In this case, the circuit conditions are changed. The cur- 
rent intensity, and hence the temperature, increases as the induc- 
tance is decreased. 

Since the confined explosion has a continuous spectrum, it fol- 
lows that the vapor should be opaque to radiation, unless the spec- 
trum is due to minute solid or liquid particles, as is the case in the 
flame of a candle. It does not seem likely that the light of the con- 
fined explosion can come from solid or liquid particles, for its maxi- 
mum brightness is equal to that of a black body at a temperature of 
about 20,000° C. The temperature of the supposed particles would 
have to be at least this high, and this is obviously impossible. The 
following experiment was tried, however, to test the point in ques- 
tion. An iron wire was used for the explosion. Close to the wire, 
but between it and the slit of the spectrograph, was placed a spark- 
gap with zinc terminals. This gap was connected in series with the 
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wire so that the spark would be exactly simultaneous with the ex- 
plosion. In a second experiment the arrangement was similar, except 
that the spark-gap was placed behind the explosion, so that the light 
from the spark passed through the iron vapor of the explosion on its 
way to the spectrograph. The exposures were made just sufficient to 
show the continuous spectrum of the explosion clearly. In the first 
experiment the bright zinc spark lines were very prominent on the 
weak continuous spectrum, while in the second no trace of any bright 
lines could be seen. It was estimated that if 5 per cent of the light 
from the spark had been transmitted, the strongest zinc lines should 
have been visible on the spectrogram. It follows that the layer of iron 
vapor 5 cm in thickness transmitted less than 5 per cent of the light. 
This gives an absorption coefficient per centimeter of at least 0.6, or 
a mass absorption coefficient of about 2000, if we take the average 
density of the iron vapor as 3 X 1074. At 20,000° C. this corresponds 
to a pressure of about 10 atmospheres. The average density is cer- 
tainly no higher than this, for the zinc lines reach their greatest 
brightness in the second, third, and fourth half-cycles, and it is only 
during the first half-cycle that the pressure can exceed Io at- 
mospheres. 
DISCUSSION 


The following is a general description of what probably takes 
place during an explosion: 

1. The wire is heated, melted, and vaporized while the current 
through it increases from zero to a few thousand amperes. This part 
of the process may be followed quite easily by numerical calculation, 
for all the constants are fairly well known. Such a computation for 
condenser 2, with an iron wire weighing 1 mg, is plotted as a time- 
temperature curve in Figure 7. It shows that the wire was com- 
pletely vaporized 6.4 X 1077 sec. after the beginning of the discharge. 
The current at this instant was 3,900 amp. Vaporization began at 
4.5 X1077 sec., when the current was 2,800 amp. The maximum pos- 
sible diameter’ of the cylinder of vapor at 6.41077 sec. may be 
found by assuming that the vapor moved outward during the vapor- 


t It is here assumed that the evaporated particles are neutral atoms or molecules 
leaving the surface with the average velocity of molecular motion due to temperature. 
It appears from the photographs discussed in section 4 that in reality the phenome- 
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ization with the molecular velocity of iron at 2690° C., the boiling- 
point of iron. This diameter comes out 0.3 mm, and hence the pres- 
sure of the vapor would be high—in round numbers, 500 atmos- 
pheres. Beyond this point calculation fails, for the conductivity of 
iron vapor is not known. 

2. Shortly after the wire has been completely vaporized the re- 
sistance is probably high, especially for metals which vaporize be- 
low 3000° C. This is indicated by the fact that the method of the 


Degrees Centigrade 


Temperature rise of an iron wire. 
“Exploded by discharge of 1.0 mf 
condenser charged to 2x10* volts 
Resistance of wire initially =2 ohms 
Mass of wire =1 milligram. 


2 4 © & 10 2 4 le 18 20 22 24x~3.2Ixn10-Sseconds 


Fic. 7 


parallel spark-gap works for just these metals. Tungsten, for which 
that method fails, is probably not completely vaporized until the 
temperature is well above 5000° C., and at such a high temperature 
it is probable that the ionization is appreciable, and, hence, that 
the conductivity is sufficient for the current to flow in spite of the 
parallel spark-gap. 

For most metals, then, the voltage rises sharply immediately 


non is not so simple as this. The particles forming the “jets” shown on the photo- 
graphs escape from the wire with velocities up to 2 km per second. Consequently, the 
cylinder has at first no such regular boundary as assumed in the test, and the pressure 
is undoubtedly lower than the computed value. 
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after vaporization is complete. This means a very rapid rise in tem- 
perature, since the current is large, and, until the ionization becomes 
appreciable, the resistance is high. Ionization becomes important 
when the temperature reaches 10,o00° C. From this point on, the re- 
sistance diminishes rapidly on account of increasing ionization due 
to both rising temperature and falling pressure caused by the rapid 
expansion. 

The maximum temperature will be reached when the energy lost 
by radiation from the surface of the vapor is just equal to the input 
vr. Unfortunately, the resistance r is unknown. It is quite certain, 
however, that a temperature of at least 20,000° C. is reached toward 
the end of the first quarter-cycle. The radiating area of the vapor 
may be measured from photographs taken with the rotating-mirror 
camera, the current is known, and consequently a value of the ap- 
parent resistance at this stage can be calculated. The result is in the 
neighborhood of o.2 ohm. This includes, of course, the effect of the 
potential drop at the cold electrodes, which may be appreciable. 

3. After the first quarter-cycle, the phenomena may be readily 
followed with the aid of. the rotating-mirror camera. The temper- 
ature oscillates, but its trend is steadily downward. The pressure 
decreases and becomes sensibly equal to that of the surrounding air 
at the end of the second cycle. (A frequency of 105 cycles is as- 
sumed.) 

4. The photographs reproduced in Plate XIV, k, 1, m,n, showing 
the earliest stages of explosions, are somewhat surprising, and suggest 
that the vaporization of the wire is not such a simple process as was 
assumed above. Instead of small smooth cylinders, these photo- 
graphs show a complicated structure consisting chiefly of streamers 
issuing from the wire. 

Two interpretations of the appearance suggest themselves at 
once: (a) that we have to do with a brush discharge from the wire to 
the air around it; (b) that the vapor escapes from the wire in the form 
of jets irregularly distributed over its surface. Photographs repro- 
duced in Plate XIIm and 7 show quite clearly that we are not dealing 
with a brush discharge, for the apparent jets all originate on the 
flat surface of the ribbons, the edge being quite free from any ap- 
pearance of a discharge. If it were a brush discharge, practically all 
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the brushes would spring from the edge, and few, if any, from the 
flat sides. Hence we must conclude that these are real jets of vapor 
issuing from the wire. A study of all the photographs taken with the 
magneto-optic shutter shows that the jets appear first at the places 
where the magnetic field produced by the current in the wire is weak- 
est, for example, on the flat face of a ribbon, or around the outside 
angle of a wire bent sharply, etc. The intensity of the magnetic field 
at the surface of a wire when vaporization begins is generally from 
105 to 10° gausses. It is easy to see that a charged particle would have 
some difficulty in escaping from the wire against such a field, but it 
could have no effect on a neutral atom. These photographs there- 
fore indicate that the particles evaporating from an electrically heat- 
ed wire at high temperatures are charged when they leave the wire. 
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EXTRA-GALACTIC NEBULAE 
By EDWIN HUBBLE 


ABSTRACT 


This contribution gives the results of a statistical investigation of 400 extra- 
galactic nebulae for which Holetschek has determined total visual magnitudes. The list 
is complete for the brighter nebulae in the northern sky and is representative to 12.5 
mag. or fainter. 

The classification employed is based on the forms of the photographic images. 
About 3 per cent are irregular, but the remaining nebulae fall into a sequence of type 
forms characterized by rotational symmetry about dominating nuclei. The sequence 
is composed of two sections, the elliptical nebulae and the spirals, which merge into 
each other. 

Luminosity relations—The distribution of magnitudes appears to be uniform 
throughout the sequence. For each type or stage in the sequence, the total magnitudes 
are related to the logarithms of the maximum diameters by the formula, 


mrp=C—5 logd, 


where C varies progressively from type to type, indicating a variation in diameter for 
a given magnitude or vice versa. By applying corrections to C, the nebulae can be 
reduced to a standard type, and then a single formula expresses the relation for all 
nebulae from the Magellanic Clouds to the faintest that can be classified. When the 
minor diameter is used, the value of C is approximately constant throughout the entire 
sequence. The coefficient of log d corresponds with the inverse-square law, which 
suggests that the nebulae are all of the same order of absolute luminosity and that 
apparent magnitudes are measures of distance. This hypothesis is supported by similar 
results for the nuclear magnitudes and the magnitudes of the brightest stars involved, 
and by the small range in luminosities among nebulae whose distances are already 
known. 


Distances and absolute dimensions ——The mean absolute visual magnitude, as 


derived from the nebulae whose distances are known, is —15.2. The statistical ex- 
pression for the distance in parsecs is then 


log D=4.04+0.2 mr, 


where mr is the total apparent magnitude. This leads to mean values for absolute 


dimensions at various stages in the sequence of types. Masses appear to be of the 
order of 2.6X108 ©. 

Distribution and density of space—To apparent magnitude about 16.7, corre- 
sponding to an exposure of one hour on fast plates with the 60-inch reflector, the numbers 
of nebulae to various limits of total magnitude vary directly with the volumes of space 
represented by the limits. This indicates an approximately uniform density of space, 
of the order of one nebula per 10"? cubic parsecs or 1.5 X1o—3* in C.G.S. units. The 
corresponding radius of curvature of the finite universe of general relativity is of the 
order of 2.710" parsecs, or about 600 times the distance at which normal nebulae 
can be detected with the 1oo-inch reflector. 


Recent studies have emphasized the fundamental nature of the 
division between galactic and extra-galactic nebulae. The relation- 
ship is not generic; it is rather that of the part to the whole. Galactic 
nebulae are clouds of dust and gas mingled with the stars of a par- 
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ticular stellar system; extra-galactic nebulae, at least the most con- 
spicuous of them, are now recognized as systems complete in them- 
selves, and often incorporate clouds of galactic nebulosity as com- 
ponent parts of their organization. Definite evidence as to distances 
and dimensions is restricted to six systems, including the Magel- 
lanic Clouds. The similar nature of the countless fainter nebulae has 
been inferred from the general principle of the uniformity of nature. 

The extra-galactic nebulae form a homogeneous group in which 
numbers increase rapidly with diminishing apparent size and Juminos- 
ity. Four are visible to the naked eye;t 41 are found on the Harvard 
“Sky Map’’;? 700 are on the Franklin-Adams plates;3 300,000 are 
estimated to be within the limits of an hour’s exposure with the 60- 
inch reflector.4 These data indicate a wide range.in distance or in 
absolute dimensions. The present paper, to which is prefaced a gen- 
eral classification of nebulae, discusses such observational material 
as we now possess in an attempt to determine the relative importance 
of these two factors, distance and absolute dimensions, in their bear- 
ing on the appearance of extra-galactic nebulae. 

The classification of these nebulae is based on structure, the indi- 
vidual members of a class differing only in apparent size and luminos- 
ity. It is found that for the nebulae in each class these characteris- 
tics are related in a manner which closely approximates the opera- 
tion of the inverse-square law on comparable objects. The presump- 
tion is that dispersion in absolute dimensions is relatively unimpor- 
tant, and hence that in a statistical sense the apparent dimensions 
represent relative distances. The relative distances can be reduced 
to absolute values with the aid of the nebulae whose distances are 
already known. 


PART I. CLASSIFICATION OF NEBULAE 
GENERAL CLASSIFICATION 


The classification used in the present investigation is essentially 
the detailed formulation of a preliminary classification published in 

* These are the two Magellanic Clouds, M 31, and M 33. 

? Bailey, Harvard Annals, 60, 1908. 

3 Hardcastle, Monthly Notices, 74, 699, 1914. 


4 This estimate by Seares is based on a revision of Fath’s counts of nebulae in 
Selected Areas (Mt. Wilson Contr., No. 297; Astrophysical Journal, 62, 168, 1925). 
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a previous paper.’ It was developed in 1923, from a study of photo- 
graphs of several thousand nebulae, including practically all the 
brighter objects and a thoroughly representative collection of the 
fainter ones.? It is based primarily on the structural forms of photo- 
graphic images, although the forms divide themselves naturally into 
two groups: those found in or near the Milky Way and those in 
moderate or high galactic latitudes. In so far as possible, the system 
is independent of the orientation of the objects in space. With minor 
changes in the original notation, the complete classification is as 
follows, although only the extra-galactic division is here discussed 
in detail: 
CLASSIFICATION OF NEBULAE 


I. Galactic nebulae: Symbol Example 
PA MAAN CL ATI CS eae ecreg ora chs Mena ta Ets ce Renee oe B N.G.C. 7662 
a I USe arrears ct ene ee eed yn Sorte De ee ae eerie 
tT. Predominantly luminous.............. DL N.G.C. 6618 
Zelredominanthy OOSCUreH a. srs. s comer DO Barnard 92 
Be CONSPICUOUS yaImaix eden mete. rer er DLO N.G.C. 7023 
II. Extra-galactic nebulae: 
A. Regular: 
N.G.C. 3379 Eo 
1% BY Mio} aCe S as ee OS Bare ey eae noe En segs 
nae ps 4621 E5 
(n=1, 2,...., 7 indicates the ellipticity 3115 E7 


of the image without the decimal point) 


tA General Study of Diffuse Galactic Nebulae,” Mt. Wilson Contr., No. 241; 
Astrophysical Journal, 56, 162, 1922. 

2 The classification was presented in the form of a memorandum to the Com- 
mission on Nebulae of the International Astronomical Union in 1923. Copies of the 
memorandum were distributed by the chairman to all members of the Commission. 
The classification was discussed at the Cambridge meeting in 1925, and has been 
published in an account of the meeting by Mrs. Roberts in L’ Astronomie, 40, 169, 1920. 
Further consideration of the matter was left to a subcommittee, with a resolution that 
the adopted system should be as purely descriptive as possible, and free from any terms 
suggesting order of physical development (Transactions of the I.A.U., 2, 1925). Mrs. 
Roberts’ report also indicates the preference of the Commission for the term “extra- 
galactic” in place of the original, and then necessarily non-committal, “‘non-galactic.” 

Meanwhile K. Lundmark, who was present at the Cambridge meeting and has 
since been appointed a member of the Commission, has recently published (Arkiv for 
Matematik, Astronomi och Fysik, Band r9B, No. 8, 1926) a classification, which, except 
for nomenclature, is practically identical with that submitted by me. Dr. Lundmark 
makes no acknowledgments or references to the discussions of the Commission other 
than those for the use of the term “galactic.” 
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CLASSIFICATION OF NEBULAE—Continued 


D3 Spirals: Symbol Example 
2) Nowmalispiralsaame eee Se! Sheer eee 
(2) sHarly cs, 6 ees ict ote eerie Sa N.G.C. 4594 
(2) Mintermediatenes none eee Sb 2841 
(3) SAG se cane aete e ete eee Sc 5457 
iy LYkaRNOl CK au acbachocemaccad: SBMis 0 Beeches cree 
(Barly. sees a aanioces a eee ree oe SBa N.G.C. 2859 
(oye intermediateyna. ese SBb 3351 
(a) ebatesey Ss ee ner eerie SBc 7479 
Balrrerulate 3.5 wosenone macs terran Irr N.G.C. 4449 


Extra-galactic nebulae too faint to be classified are designated by the 
symbol “Q.” 

REGULAR NEBULAE 

The characteristic feature of extra-galactic nebulae is rotational 
symmetry about dominating non-stellar nuclei. About 97 per cent 
of these nebulae are regular in the sense that they show this feature 
conspicuously. The regular nebulae fall into a progressive sequence 
ranging from globular masses of unresolved nebulosity to widely 
open spirals whose arms are swarming with stars. The sequence com- 
prises two sections, elliptical nebulae and spirals, which merge into 
each other. 

Although deliberate effort was made to find a descriptive classi- 
fication which should be entirely independent of theoretical consider- 
ations, the results are almost identical with the path of development 
derived by Jeans’ from purely theoretical investigations. The agree- 
ment is very suggestive in view of the wide field covered by the data, 
and Jeans’s theory might have been used both to interpret the ob- 
servations and to guide research. It should be borne in mind, how- 
ever, that the basis of the classification is descriptive and entirely 
independent of any theory. 

Elliptical nebulae.—These give images ranging from circular 
through flattening ellipses to a limiting lenticular figure in which 
the ratio of the axes is about 1 to 3 or 4. They show no evidence of 
resolution,’ and the only claim to structure is that the luminosity 

t Problems of Cosmogony and Stellar Dynamics, 1919. 


2.N.G.C. 4486 (M 87) may be an exception. On the best photographs made with 
the roo-inch reflector, numerous exceedingly faint images, apparently of stars, are 
found around the periphery. It was among these that Belanowsky’s nova of 1919 
appeared. The observations are described in Publications of the Astronomical Society 
of the Pacific, 35, 261, 1923. 
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fades smoothly from bright nuclei to indefinite edges. Diameters are 
functions of the nuclear brightness and the exposure times. 

The only criterion available for further classification appears to 
be the degree of elongation. Elliptical nebulae have accordingly been 
designated by the symbol “‘E,” followed by a single figure, numeri- 
cally equal to the ellipticity (a—b)/a with the decimal point omit- 
ted. The complete series is Eo, E1,...., E7, the last represent- 
ing a definite limiting figure which marks the junction with the 
spirals. 

The frequency distribution of ellipticities shows more round or 
nearly round images than can be accounted for by the random 
orientation of disk-shaped objects alone. It is presumed, therefore, 
that the images represent nebulae ranging from globular to lenticu- 
lar, oriented at random. No simple method has yet been established 
for differentiating the actual from the projected figure of an indi- 
vidual object, although refined investigation furnishes a criterion in 
the relation between nuclear brightness and maximum diameters. 
For the present, however, it must be realized that any list of nebulae 
having a given apparent ellipticity will include a number of tilted 
objects having greater actual ellipticities. The statistical average 
will be too low, except for E7, and the error will increase with de- 
creasing ellipticity. 

Normal spirals.—All regular nebulae with ellipticities greater than 
about E7 are spirals, and no spirals are known with ellipticities less 
than this limit. At this point in the sequence, however, ellipticity 
becomes insensitive as a criterion and is replaced by conspicuous 
structural features which now become available for classification. 
Of these, practically speaking, there are three which fix the position 
of an object in the sequence of forms: (1) relative size of the unre- 
solved nuclear region; (2) extent to which the arms are unwound; 
(3) degree of resolution in the arms. The form most nearly re- 
lated to the elliptical nebulae has a large nuclear region similar to 
E7, around which are closely coiled arms of unresolved nebulosity. 
Then follow objects in which the arms appear to build up at the 
expense of the nuclear regions and unwind as they grow; in the end, 
the arms are wide open and the nuclei inconspicuous. Early in the 
series the arms begin to break up into condensations, the resolution 
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commencing in the outer regions and working inward until in the final 
stages it reaches the nucleus itself. In the larger spirals where critical 
observations are possible, these condensations are found to be actual 
stars and groups of stars. 

The structural transition is so smooth and continuous that the 
selection of division points for further classification is rather arbi- 
trary. The ends of the series are unmistakable, however, and, in a 
general way, it is possible to differentiate a middle group. ‘These 
three groups are designated by the non-committal letters “‘a,” “‘b,” 
and ‘‘c’’ attached to the spiral symbols “‘S,”’ and, with reference to 
their position in the sequence, are called “early,” “intermediate,” 
and “late” types.’ A more precise subdivision, on a decimal scale 
for example, is not justified in the present state of our knowledge. 

In the early types, the group Sa, most of the nebulosity is in the 
nuclear region and the arms are closely coiled and unresolved. N.G.C. 
3308 and 4274 are among the latest of this group. 

The intermediate group, Sb, includes objects having relatively 
large nuclear regions and thin rather open arms, as in M 81, ora 
smaller nuclear region with closely coiled arms, as in M 94. These 
two nebulae represent the lateral extension of the sequence in the 
intermediate section. The extension along the sequence is approxi- 
mately represented by N.G.C. 4826, among the earliest of the Sb, and 
N.G.C. 3556 and 7331, which are among the latest. The resolution in 
the arms is seldom conspicuous, although in M31, a typical Sb, it 
is very pronounced in the outer portions. 

1 “arly” and “late,” in spite of their temporal connotations, appear to be the 
most convenient adjectives available for describing relative positions in the sequence. 
This sequence of structural forms is an observed phenomenon. As will be shown later 
in the discussion, it exhibits a smooth progression in nuclear luminosity, surface bright- 
ness, degree of flattening, major diameters, resolution, and complexity. An antithetical 
pair of adjectives denoting relative positions in the sequence is desirable for many 
reasons, but none of the progressive characteristics are well adapted for the purpose. 
Terms which apply to series in general are available, however, and of these “early” and 
“late” are the most suitable. They can be assumed to express a progression from simple 
to complex forms. 

An accepted precedent for this usage is found in the series of stellar spectral types. 
There also the progression is assumed to be from the simple to the complex, and in 
view of the great convenience of the terms “early” and “late,” the temporal connota- 


tions, after a full consideration of their possible consequences, have been deliberately 
disregarded. 
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The characteristics of the late types, the group Sc, are more 
definite—an inconspicuous nucleus and highly resolved arms. Indi- 
vidual stars cannot be seen in the smaller nebulae of this group, but 
knots are conspicuous, which, in larger objects, are known to be 
groups and clusters of stars. The extent to which the arms are 
opened varies from M 33 to Mioz, both typical Sc nebulae. 

Barred spirals.—In the normal spiral the arms emerge from two 
opposite points on the periphery of the nuclear region. There is, 
however, a smaller group, containing about 20 per cent of all spirals, 
in which a bar of nebulosity extends diametrically across the nucleus. 
In these spirals, the arms spring abruptly from the ends of this bar. 
These nebulae also form a sequence, which parallels that of the 
normal spirals, the arms apparently unwind, the nuclei dwindle, the 
condensations form and work inward. 

H. D. Curtis’ first called attention to these nebulae when he de- 
scribed several in the intermediate stages of the series and called 
them ¢-type spirals. The bar, however, never extends beyond the 
inner spiral arms, and the structure, especially in the early portion 
of the sequence, is more accurately represented by the Greek letter 0. 
From a dynamical point of view, the distinction has considerable 
significance. Since Greek letters are inconvenient for cataloguing 
purposes, the English term, “barred spiral,” is proposed, which can 
be contracted to the symbol “SB.” 

The SB series, like that of the normal spirals, is divided into three 
roughly equal sections, distinguished by the appended letters “a,” 
*b,” and ‘‘c.”” The criteria on which the division is based are similar 
in general to those used in the classification of the normal spirals. 
In the earliest forms, SBa, the arms are not differentiated, and the 
pattern is that of a circle crossed by a bar, or, as has been men- 
tioned, that of the Greek letter @. When the bar is oriented nearly 
in the line of sight, it appears foreshortened as a bright and definite 
minor axis of the elongated nebular image. Such curious forms as 
the images of N.G.C. 1023 and 3384 are explained in this manner. The 
latest group, SBc, is represented by the S-shaped spirals such as 
NGC. 7470; 


t Publications of the Lick Observatory, 13, 12, 1918. 
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IRREGULAR NEBULAE 

About 3 per cent of the extra-galactic nebulae lack both dominat- 
ing nuclei and rotational symmetry. These form a distinct class 
which can be termed “‘irregular.”” The Magellanic Clouds are the 
most conspicuous examples, and, indeed, are the nearest of all the 
extra-galactic nebulae. N.G.C. 6822, a curiously faithful miniature 
of the Clouds, serves to bridge the gap between them and the smaller 
objects, such as N.G.C. 4214 and 4449. In these latter, a few indi- 
vidual stars emerge from an unresolved background, and occasional 
isolated spots give the emission spectrum characteristic of diffuse 
nebulosity in the galactic system, in the Clouds, and in N.G.C. 6822." 
These features are found in other irregular nebulae as well, notably 
in N.G.C. 1156 and 4656, and are just those to be expected in sys- 
tems similar to the Clouds but situated at increasingly greater dis- 
tances. 

The system outlined above is primarily for the formal classifica- 
tion of photographic images obtained with large reflectors and por- 
trait lenses. For each instrument, however, there is a limiting size 
and luminosity below which it is impossible to classify with any 
confidence. Except in rare instances, these small nebulae are extra- 
galactic, and their numbers, brightness, dimensions, and distribution 
are amenable to statistical investigation. For cataloguing purposes, 
they require a designating symbol, and ‘the letter ‘‘Q” is suggested 
as convenient and not too widely used with other significations. 


PART II, STATISTICAL STUDY OF EXTRA-GALACTIC NEBULAE 
THE DATA 

The most homogeneous list of nebulae for statistical study is that 
compiled by Hardcastle? containing all nebulae found on the Frank- 
lin-Adams charts. These are uniform exposures of two hours on fast 
plates made with a Cooke astrographic lens of 10-inch aperture and 
45-inch focal length. The scale is 1 mm=3’. The entire sky is cov- 

* 78 is brighter than V2. Patches with similar spectra are often found in the arms 
of late-type spirals—N.G.C. 253, M 33, M 101. The typical planetary spectrum, where 
H§ is fainter than N,, is found in the rare cases of apparently stellar nuclei of spirals; 


for instance, in N.G.C. 1068, 4051, and 4151. Here also the emission spectra are localized 
and do not extend over the nebulae. 


2 Monthly Notices, 74, 699, 1914. 
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ered, but since the plates are centered about 15° apart and the defini- 
tion decreases very appreciably with distance from the optical axis, 
the material is not strictly homogeneous. Moreover, the published 
list suffers from the usual errors attendant on routine cataloguing; 
for instance, four conspicuous Messier nebulae, M 60, M 87, M 94, 
and M rot, are missing. In general, however, the list is thoroughly 
representative down to about the thirteenth photographic magni- 
tude and very few conspicuous objects are overlooked. It plays the 
role of a standard with which other catalogues of the brighter nebu- 
lae may be compared for completeness, and numbers in limited areas 
may be extended to the entire sky. 

When known galactic nebulae, clusters, and the objects in the 
Magellanic Clouds are weeded out, the remaining 700 nebulae may 
be treated as extra-galactic. Very few can be classified from the 
Franklin-Adams plates; for this purpose photographs on a much larg- 
er scale are required. Until further data on the individual objects are 
available, Hardcastle’s list can be used only for the study of distribu- 
tion over the sky. This shows the well-known features—the greater 
density in the northern galactic hemisphere, the concentration in 
Virgo, and the restriction of the very large nebulae to the southern 
galactic hemisphere. 

Fortunately, numerical data do exist in the form of total visual 
magnitudes for many of the nebulae in the northern sky. These de- 
terminations were made by Holetschek,* who attempted to observe 
all nebulae within reach of his 6-inch refractor. He later restricted 
his program; but the final list is reasonably complete for the more 
conspicuous nebulae north of declination — 10°, and is representative 
down to visual magnitude about 12.5. Out of 417 extra-galactic nebu- 
lae in Holetschek’s list, 408 are north of — 10°, as compared with 400 
in Hardcastle’s. The two lists agree very well for the brighter ob- 
jects, but diverge more and more with decreasing luminosity. At the 
twelfth magnitude about half of Holetschek’s nebulae are included 
by Hardcastle. Since the two lists compare favorably in complete- 
ness over so large a region of the sky, Holetschek’s may be chosen 
as the basis for a statistical study and advantage taken of the valu- 
able numerical data on total luminosities. 


t Annalen der Wiener Sternwarte, 20, 1907. 
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Hopmannt has revised the scale of magnitudes by photometric 
measures of the comparison stars used by Holetschek. New magni- 
tudes were thus obtained for 85 individual nebulae and from these 
were derived mean correction tables applicable to the entire list. 
The revised magnitudes are used throughout the following discus- 
sion. Hopmann’s corrections extend to about 12.0 mag., and have 
been extrapolated on the assumption that they are constant for the 
fainter magnitudes. ‘The errors involved are unimportant in view of 
selective effects which must be present among the observed objects 
near the limit of visibility. 

The nebulae were classified and their diameters measured from 
photographs of about 300 of them taken with the 60-inch and r1oo- 
inch reflectors at Mount Wilson. Most of the others are included in 
the great collection of nebular photographs at Mount Hamilton, 
which have been described by Curtis;? and, through the courtesy of 
the Director of the Lick Observatory, it has been possible to confirm 
the classification inferred from the published description by actual 
inspection of the original negatives. 

Types, diameters, and total visual magnitudes are thus available 
for some 4oo of the nebulae in Holetschek’s list. The few unclassified 
objects are all fainter than 12.5 mag. The data are listed in Tables 
I-IV, in which the N.G.C. numbers, the total magnitudes, and the 
logarithms of the maximum diameters in minutes of arc are given 
for each type separately. A summary is given in Table V, in which 
the relative frequencies and the mean magnitudes of the various 
types will be found. 


RELATIVE LUMINOSITIES OF THE VARIOUS TYPES 


The frequency distribution of magnitudes for all types together 
and for the elliptical nebulae and the spirals separately is shown in 
Table VI and Figure 1. With the exception of the two outstanding 
spirals, M 31 and M 33, the apparent luminosities are about uni- 
formly distributed among the different types. The relative numbers 
of the elliptical nebulae as compared with the spirals decrease some- 
what with decreasing luminosity, but this is very probably an effect 


t Astronomische Nachrichten, 214, 425, 1921. 


2 Publications of the Lick Observatory, 13, 19018. 
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TABLE I 
ELLIPTICAL NEBULAE 
| mL | log d N.G.C. | mT | log d 
Eo (17) E2 —Continued 
Bate +o.11 2500.0 Soe 12.0 —0.30 
220 — .40 BOOS ciara hs fae Ir.6 Ae 
10.9 yrs BOAO motets sSihous — .05 
11.8 Ly ALOT eos Re cee =- .20 
9.4 + .30 AZOL eenea a ees Toss — .52 
T2520 = 52 ASH emiatorte ere II.9 — .05 
9.7 +. .30 AAOO. Seer era 10.0 + .30 
Io.f — 15 AAT OMe pene 1258 —| 530 
9.9 + .23 AOAQ tease eer 9.5 + .30 
II.4 — .30 LOY earn cic ie 13.3 —0.52 
12.3 AGE: ed 
rr.8 30 WMeatina noses TTH52 —0.088 
iP) .70 
T200 ee 
ARR .40 E3 (10) 
1250 — .40 
10.9 0.0 
TOR ee Meters aus, ee 11.8 —0.15 
II.40 —0. 204 TOO we oo-. Gis a chats £2.77 + sI7 
ODE aes See Tees — .15 
Aa Deer mater ohctertexece eno — .52 
Bi (x2) ADORE ontecs Mine a II.4 + .04 
“eke OSA Petites TORIC T2533 —= 52 
Oe eee 9.6 + .15 
ROR 2 ei date tn stieis Died: 0) 
aah Phase Seana toe Sede 12.8 — .22 
Bae ue VOLO na soa b emia s 11.8 0.15 
I2.0 Se 5. 
Sale ei VGA cease II.99 0.133 
11.8 — .30 
10.8 .O WA Cr 
eo cee 4 (13) 
8.8 + .30 
II.5 Tae tO [oa bons By abe Seta I0.9 +0.30 
10.9 TA TOO eri tne 12.5 — .10 
12.6 Fema call (lacy © nar eae 11.8 ils 
12.3 —=9:30 BOOKS sa Wen cile Day eet ese 
BOLO ss mi ron 11.8 4 05 
II. 43 ae OF Dall MOOT eras ate 6 ot 12.8 — .05 
ETO Cac neg, ch ae ie 10.3 + .30 
AZT Oct ents ire come L271 ety 
E2 (14) I NA gy CE 10.0 + .48 
Flick Getler oa Aer OPENS 12.8 am sev 
AGH Soe cocse seats oe T2035 me) 
8.8 +0.42 CIR mares LseatsPners T2538 — .15 
II.9 =— 10 TATA yrs tae SE TES 0.0 
12.8 — .40 
ree 0.0 Mean ssc II.95 —0O.OII 
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TABLE I—Continued 


N.G.C. | mT | log d N.G.C. | mT | log d 
Es (6) E7 (5) 

VO St AS Nee emt 10.9 =O. 15 SEL S eines Ou5 -+0.60 
BOGS cea: ses 12-3 eS ALT c tater tere 10.1 54 
Bia ee ates aha tay eas I0.9 Se uy BQYO sic Seta ean svaccheee ueysag ° 
WATS aoe py irene sae 10.3 sig ARTO enrPoce-eie TG ie 38 
BOOT opts eine siete 10.0 ae asie BROS ve niate wpyeetians 12s +o. 28 
AGOOP Me erae are II.4 0.0 —— | 

WWleame site sie: II.02 +o. 360 
Mean 10.97 +o.ogo 
Peculiar (8) 
E6 (7) 
LOG cnnumismnetraits [2.3 +0.48 

Stee ain ta ass 11.8 0.0 BOG A ten er hea 9.3 go 
DOO OH ars «eid ans TO. + .18 CPW acon caeee ning (8) PAT 
SOTS Satta s teas Thc aes Eller cortametare 9.9 Err 
ALTO cesitem ais = ors 11.8 Sodom |les00Si (ae ees 12.1 + .23 
BASE (agrees tnt 10.5 II ARC OT. 5, cree eke rates — .22 
And Ooi ey ieccarenete 10.3 ashe | Lyne does cocans 12.3 05 
SOOT ag ie onc k 9.6 ares) |) COR oodomon Goad nan —o.40 

MCAT Na elects 10.93 +o.220 


of selection. The elliptical nebulae are more compact than the spirals 
and become more stellar with decreasing luminosity. For this reason 
some of the fainter nebulae are missed when small-scale instruments 
are used, although the same luminosity spread over a larger area would 
still be easily detected. The effect is very pronounced on photograph- 
ic plates. It accounts also for the slightly brighter mean magnitude 
of the elliptical nebulae as compared with the spirals in Table V. 
The various types are homogeneously distributed over the sky, 
their spectra are similar, and the radial velocities are of the same 
general order. These facts, together with the equality of the mean 
magnitudes and the uniform frequency distribution of magnitudes, 
are consistent with the hypothesis that the distances and absolute 
luminosities as well are of the same order for the different types. 
This is an assumption of considerable importance, but unfortunately 
it cannot yet be subjected to positive and definite tests. None of the 
individual similarities necessarily implies the adopted interpretation, 
but the totality of them, together with the intimate series relations 
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among the types, which will be discussed later, suggests it as the most 
reasonable working hypothesis, at least until inconsistencies should 


appear. 


N.G.C. 


Le 


SBa (26) 
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TABLE II 


BARRED SPIRALS 


| log d 


++1+ 


.O4 
.O 

.48 
.10 
.26 
.30 
.48 


N.G.C. | mT | log d 
SBb—Continued 
BOD Mn eee ware 12-0 +o.36 
ADA ant awee aera eeere TL.2 S05) 
7 YAY, ee Neat Oat Ties .60 
AARC tester tas tk cp .60 
AOOGt smeieraces ne exe 10.0 Sy) 
AG DEC, aoe ite Q.2 .70 
ROT Bt oi g eraic,<)to 12.8 Beas 
BOG sak ROE eskeon uit) pei .20 
Ih ES Or eRe 11.8 +o.18 
Mean cree 11.48 0.317 
SBc (rs) 

LI: Se ech ee eae 10.6 +o.60 
UPTO) So te ateree eas eh TQ -48 
ROO er we suet see inninse T3'-3 -45 
OE AR ya oe cakes alee Tie 4: .60 
BOA ¢ wiacdseet 12-3 .40 

BOTS ener he Seta; i339 .O 
SOBO mea seamen 12.0 .30 
BOQ are mre saiit 12.8 -43 
BORSe. gamit nae Tt aera 
BOO 2a ccg dais ele Tatras .85 
ASO SE ee anor 10.6 .78 
AY Oe ale ane Oa 45 
Re een ene ne 12.6 .40 
OVX eord 46 Star. 12.8 -70 
CTC Penge easiness Tae +o.48 
Wea asierscys 11.87 +0. 509 

Peculiar (2) 

DUB Oa he ce ees rch i263 +o. 26 
ARTA Sie cee epson als Ese R ARE +0.34 


RELATION BETWEEN LUMINOSITIES AND DIAMETERS 


Among the nebulae of each separate type are found linear correla- 
tions between total magnitudes and logarithms of diameters. These 
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TABLE III 


NORMAL SPIRALS 


N.G.C. mT | log d | N.G.C. | mT | log d 
Sa (40) 
ASSe acts eee 11.8 +o0.48 AST ohn ay eterna SS +o.18 
O70: Harccye cso es E353 30 AAD corasvescysrveteiete ete .48 
TSO ra aa soe 10.9 43 AAT Dimer ave aveliuaiees 12.6 Anis 
2685 Faw rwanere ns That 60 AS 2OlG saat aut Loew -70 
ROST asaya eee TOR 48 AS EO) Lo helen nes Ton Gc Ag 
OY hs Le ORTOP IC ORS I0.9 32 TNS RO Pe SORTS A EONCAE dhe .38 
DY SHA e crtaie AONE A D2e8 28 7 tay Ban ARIS ox yc Ont .85 
BOR Gear certain L250 Ir AGO SMR re ree 11.8 + .08 
BEOO Se drei rac ince Tone 60 AOSA Gs ecomortes ce 12.2 — .22 
B2AG ater Acta celal 11.8 30 AGO Sas mraresintee IL.9 9343 
BIO Te eterna ec 12.4 15 ATT Ot toto tiin 11.8 54 
SAHOP i: cocaine 10,0 IE oho eee ee ame te ‘Ir.S 57 
RISO GOE dicke See cts Teer 20 ASOO macau aie T2750 -50 
SOLE a re ee Troe ° AOS Sirus eters Tina .60 
PASTA Sls elena eee ries 28 SY Uy dromeen eee in tte) .48 
BOO Ke ak corms rm 12.0 ° BSS One nes creer Tans 725 
BOBO twat rte: e T2a0 08 BA D2) capers vaccre saree Tee -- .40 
SEO Gate trey ei erie 12.0 43 SOS Nerte creasneaees I2.0 — .05 
BOAT eee 10.3 30 i SOO el overeronatanete ee io Y/ + .48 
AGS Omran aes els 10.9 60 TOUS Weacerstars tesa 12.8 .08 
phage Pa cache 22a 20 PNY hen ta RE Perc ORI 12.8 -30 
ASASe eee Tis II 7727 eves seen TI3 43 
ATER Me creed ok 12.0 poe STAM cra state wey 1 O°. 
PG ASD tho Are AEE 10.4 .20 Me “ ata 
oe oe sae pepe Means 26 Ir.69 0.333 
Sb (70) 

DIA tae 5.0 +2.25 HOP OSH est ott : 
Oi ne sens en eres 12.8 0.54 ne sive a eeNehe ue tere II.9 Tien 
se errs ce tones imi at 70 BOD SRA ane 9.9 .90 
O40 Gee eee Toes ° BO2 7 caer oar: g.I ©.90 
Ounene ores 12.9 40 O25 5 eerie II.4 +1.08 
TOOS see eeniee 9.1 40 BO82 recounts 13.3 —o.10 
TOO eee ae I2.0 I5 BOWE itech cheese II.4 + .48 
AOL berscselaeyty Pe T2e2 ° ZOOL mae tare 13.0 aCe) 
DCRR eee Toes 40 3 OSA ere eran. ae 13.0 + .08 
2748. Ee See se I2.0 32 BOON hay maine sere 273 — oF 
BOAT ere iets 9.4 78 BOOOr nurse ete een + .25 
2985. SER eo REIS IIl.4 0.48 2088.7. cce urea E20 65 
BOCT ear t eee 8.3 +1.20 AOZOn rcs tetaveeeeros 123 Gals 
2152 ee eee 12.9 —0.22 4OZO mice teres: Tee e320 
BEG we step ier: Ses II.9 + .48 AOR Tianne a eee II.9 .60 
222 Eee I2.0 48 ASO Se eer: Ton5 36 
a AA re eee ee aed 1256 ie) ATS Verse cereratcaiter 12.0 “40 
SQTOs nas eed ase 10.4 + .18 ALO Datvarneteyeee 10.9 go 
3380, Phare Pee he L285 — .05 ADLOG eee Tee 10.8 0.85 
ea Cok bw a ee ae i Tire +0.40 AZAAS Eee one 12.3 +I.11 
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N.G.C. | mT | log d | | N.G.C. 
II 
Sb—Continued 

TAN Steal Ah ee a RN 8.7 +1.30 S304)... >. . eee 
ADU Bere aretshetrats LL28 0.20 S03 36a5.0 a> cae 
VO Sales Mt an Ae Re 10.3 ay CU he eee Ee ae 
AAAS Seren tet ciantc 11.8 .48 SAO see ts etches 
AARON eis eicters «te 3 10.6 a Sy BU AOU crater are 
AA Vere tteitahe ince sie oy 12.8 — .I5 REO sears cl cispn wae 
AS OORT ai sis >. s0%s 12.8 +0.17 Wh OS emote NOE 
TiS dg ie OE II.0 1B 2800 settee 
BGO <anetoneresea 8.4 0.70 BOSH ia ockterscrteiee 
AT BO Se Sia t wrens eatsyats 11.8 26 O207 ae aloe aarare 
A SOOM eis a citiK.. Tro 04 OO43 ewe ects 
ATA See oats: biete 12.7 56 Bo Te a ee ee 
AS2On Ase rns 9.0 go PIGAT wacriereee aigions 
ROS R Crh neta inas 9.6 ele) VOOO waa tein esate 
ay Osmemminine sisters 12.8 sy 

S37 Owes sisis oreowoxs 12.9 —0.05 Mean ssn arr 

Se (115) 

WA sisters oust slayedcs II.4 +0.40 BSOb acre see 
AA to A ore ere 9.3 1.34 33005. te sens 
27 LSet OOO ES I2.0 0.08 BAB Oc gie Sic at sis eie)s 
ATO teenie oh cclate Rceu 0.20 Base ici aa aee 
ROGSMaieseere toe 7.0 1.78 Ry Ci eer Aeon aoc 
ONG iiss ooo. on T2..3 0.43 BAAR ee Hachonversiate re 
ae ae ee 10.6 go SAAC Matin wcaes 
GOST mana apeia ic II.9 60 BA SOM charset: 
TOSAn Aer es ont Trey 34 BASS eeu suis es 
MOST aeieyeavalercrsatees igeysat 36 BE EO tierce: Sek 
TORY en xterereee hone 12.6 48 BR om eee tee 
2339. ARN cae nie 0.28 BRAG hee a ekoseatees 
DINOS 6 8 Am Roe Oe Siz, I.20 BEOORN. a ceria 
POR D eee a aves oat rse3 0.17 SOS ce scone nn 
SOS Reeae Ane rears 9.9 I.00 BOACT Aon eee eet 
ZU MD aataae yale st oxy es 123 0.20 A OR Gisarnar tetsreye he 
BVA DN cemissc rte: 11.8 40 ELON enema eee 
Ea Oe atctisne. vase csshe T2233 0.34 BOTs oem biome ie 
ZOOS eae Seah 9.1 I.04 BOSS een oa eee 
ZOOM eo Nin steethe 11.6 0.40 370 ae stem terceeere s 
QOZO errors erases I2.0 .50 SSTOt ma ecm ent 
BOOS Seam a eels T3203 .78 BOTGs eee eee 
Oe Leia escent aie 12.3 .II 2B Ot mie eae 
BOW \ eee 12.0 -9O BOOT eee 
BEAT Sere tonne. e Teed. .30 Clete eet rater More 
ST OOccre aig adore whee I2.0 me) BOAO Piva c sasteeites 
ALAC ecm Br ernie Dey 7S BOS Zameen | 
RASA sero aisles als 5 13.0 .95 AOU arte re ccorei 3 
BSA crests aye csataine & 12.8 .60 AOA Teenie 
BB DOA eeeic ito, ers!) oes 120 .48 AO 2S ites 
OCT een tore Tae +0.30 AOSSi mace missense 
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TABLE I1Il—Continued 

N.G.C. MT log d | N.G.C. mT log d 
Sc—Continued 

AOQOsnaiae orien 12.3 +0.78 4995. ERs oer 11.8 +0. 36 
AIOO seca esos 253 .60 ROOK au nerseyrren cones ue 
TA ere tees cea Toee .70 SOLS 5 eee tee Il.9 : 
er Piedeh Asse es Oh = Ui BORGO rane Rene eee 11.8 0.78 
Pea iP We aera Seno T2.3 .30 BROA eee 7.4 1.08 
A220; sae ssw 2.0 0.40 I QOA sa vinie wicucisrats 12.8 0.590 
AS80 Re Fes ese 12.8 1.04 22 Ovcaneneccee crete 10.4 I.00 
ABCA see wey 10.4 0.65 LU Wy ors area coche 1373 0.70 
AS Blan ats ters cise 10.5 -70 LY a Pa itr arct RCP iE Tes, .50 
AAT Acre wt deer 10.1 .48 LPL een caceein T205 .48 
ALTO ern chete oo 11.8 .36 els Wicos, aiativid omen 12.6 .60 
GAO Senet LD Yat .20 SB OA a maka rite Tins .60 
BAGO" Se cree 10.2 .60 2 Ob taactec rete 12.8 0.30 
ARGTS Sree ee 10.5 .70 AGT che Strate ietecae 9.9 Tad) 
4504 12.1 0.48 (oy GH Wes Bina ctor 20 0.60 
ARTI N bec eee arcene at 12.5 I.00 lel ie nm oid cigtyotiens T2a3 . 60 
ARAGON Ro ery 12.3 Onos BO One ceeiea tts 11.8 .48 
BRE ON ae onan ie 10.7 .9O ROO oe eyed <telegtte 11.8 «41 
BEOOh ea wcto eer 10.9 ROS Ponce aay ciclo 1 i 0.56 
AN SO heer sence oe 12.3 ns ele ANS oto one oe II.9 I.04 
AGGESEG Es tener: 9.9 0.48 ODSTA acer Ten 0.30 
BOSE: Por ie 9.5 1.08 (LI tito hea conk T2.1 325) 
RISE Pe Ba en 1305 0.50 OR OR ration rere 9.9 ie 
AOCO ass rea eta 12.0 .60 1p Whos Sane neh end oi 11.8 -+- .30 
or fe Pace eae Pep T2503 38 W OWES caren treteacaune 133 = OT 
Py ped Aan eee gests 11.8 .48 
ANC terre. Sears a i" . 20 IVI ar reeeeneee Toe75 =O mb ay 
ASOS sod tee I2. 0.34 

Peculiar Spirals (Unclassified) 
Oy ESE Srrtenctin: 13h Only 
ACY Be ORGIES SES 1353 .O 
AQOO anh eres 11.8 0.23 


are shown in Figures 2-5 for the beginning, middle, and end of the 
sequence of types and also for the irregular nebulae. In Figures 2 
and 3 adjacent types have been grouped in order to increase the 
material, and in Figure 5 the Magellanic Clouds have been added 
to increase the range. 

The correlations can be expressed in the form 


mr=C—K logd, (1) 


where K is constant from type to type, but C varies progressively 
throughout the sequence. The value of K cannot be accurately de- 
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termined from the scattered data for any particular type, but, within 
the limits of uncertainty, it approximates the round number 5.0, the 
value which is represented by the lines in Figures 2-5. 

When K is known, the value of C can be computed from the 
mean magnitude and the logarithm of the diameter for each type. 
This amounts to reading from the curves the magnitudes correspond- 
ing to a diameter of one minute of arc, but avoids the uncertainty of 
establishing the curves where the data are limited. 


TABLE IV 


IRREGULAR NEBULAE 


N.G.C. | mp | lod || N.G.C. | mr | log d 

As\ se bico tue tenes 12.6 +0.08 ACCOR ERE RG Nh as +1.30 
BOs Am ree 9.0 . 85 Ay RS pee kates Tr. 4) +0. 43 
BOT end chee ciate be II.4 .48 RUA er oma ore 12.8 — ZO 
RU IAO tee ctantiausieteever Ti.o =p uy/ Cech aon esos oo. List +0.20 
4214° Pes carcvacaa II.3 .9o 

OQlnetia «xeate 9.5 .65 Mean....... II.34 +o0.469 
AOL Osetetic. tea nis 1253 +o.40 


NOTES TO TABLES I-IV 
* Magnitude from Hopmann. 


+ N.G.C. 524 and 3908 are late elliptical nebulae in which the equatorial planes are perpendicular to 
the line of sight. They might be included with the E6 or E7 nebulae. 


§ Absorption very conspicuous. 
.G.C. 3607, 4459, and 5485 appear to be elliptical nebulae with narrow bands of absorption between 


the a and the peripheries. 

The progressive change in the value of C throughout the sequence 
may be expressed as a variation either in the magnitude for a given 
diameter or in the diameter for a given magnitude. Both effects are 
listed in Table VII and are illustrated in Figure 6, in which magni- 
tudes and diameters thus found are plotted against types. With the 
exception of the later elliptical nebulae, for which the data are 
wholly inadequate for reliable determinations, the points fall on 
smooth curves. In the region of the earlier elliptical nebulae, the 
curves should be somewhat steeper in order to allow for objects of 
greater ellipticities which are probably included. 


REDUCTION OF NEBULAE TO A STANDARD TYPE 
The slope, K, in the formula relating magnitudes with diameters, 
appears to be closely similar for the various types, but accurate de- 
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terminations are restricted by the limited and scattered nature of 
the data for each type separately. With a knowledge of the parame- 
ter C, however, it is possible to reduce all the material to a standard 


TABLE V 


FREQUENCY DISTRIBUTION OF TYPES 


Type Number Percentage Mean Mag. 


Elliptical Nebulae 


HO pases ecore e eco 17 18 II.40 
5 ME RCS PR aCe or 13 14 II.43 
Be Mave shaun rene eaTs 14 I5 Ti52 
oD Be bn sacs tenets ake) Tee II.99 
Be eae 13 14 EI.95 
Bic Minieae oes eae ates 6 6 10.97 
On cra een tis 7 8 10.93 
Y Meh i Cty: 5 5 II.02 
POCA ee pee ei 8 9 Dress 
dhe oe Rees. 93 23% Dress 
Normal Spirals 
Sasa as oe cnn ets 49 2I 11.69 
[RRomoe Ca OSE 70 29 Thess 
(oh Meco iine oh Mees II5 49 me75 
PeCrs yn arene 3 I 12.80 
WP OLAL Se Metscine 237 " * 5o* 11.68 
Barred Spirals 
S Bare pee 26 44 11.66 
Dataset cot 16 27 11.48 
Cre Mitte, arse ie 15 26 11.87 
Io ON aes Greer ” 3 le yf. 
cL Ota leer ree 59 Lis 11.66 
Irregular Nebulae 
II | an II.34 
Totals 
All types | 400 | 100 11.63 


* Percentages of 400, the total number of nebulae investigated. The per- 
centages of the subtypes refer to the number of nebulae in the particular type. 
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type and hence to determine the value of K from the totality of the 
data. The mean of E7, SBa, and Sa was chosen for the purpose, as 
representing a hypothetical transition-point between the elliptical 
nebulae and the spirals, and was designated by the symbol ‘‘So.”’ The 
corresponding value of C, in round numbers, is 13.0. Corrections 


TABLE VI 


FREQUENCY DISTRIBUTION OF MAGNITUDES 


NUMBERS OF NEBULAE 
MAGNITUDE INTERVAL 


E S All 
coeh Can oa ts Me a er Ne ° 2 2 
BO tONOn ne ae ea sincicie 2 4 7 
ORL sO S a ocile nes orelsien « 4 6 II 
OQvOLONO Hck Gy sees 7 a 19 
TO PEDONR ene aetna tae oe 7 13 20 
ie )o\ OBI NAL .g chclis rower ere 8 14 32 
UY Eds bee areeeori ete sie 2 9 24 49 
TOs O— 12) ©, uersisestonre ara 21 yf 88 
2 0 Dra etn) oh cietate ce ayer eves 20 52 86 
T2RO—T3GOta wines eha ate was IO 33 51 


were applied to the logarithms of the diameters of the nebulae of 
each observed class, amounting to 


A log d=o.2 (13.0—C) 


where C is the observed value for a particular class.t When the 
values of C are read from the smooth curve in Figure 6, these correc- 
tions are as shown in Table VIII. 

The corrected values of log d were then plotted against the ob- 
served magnitudes. This amounts to shifting the approximately par- 
allel correlation curves for the separate types along the axis of log d 
until they coincide. Since the mean magnitudes of the various 
types are nearly constant, the relative shifts will very nearly equal 
the differences in the mean observed log d, and hence the effect of 
errors in the first approximation to the values of K will be negligible. 

The plot is shown in Figure 7, in which the two Magellanic 

t Since C is constant for all nebulae in a given class, the linear relation between 


A log d and C for the different classes is something more than a mere geometrical rela- 
tion arising from the observed equality of the mean m in the various classes. 
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Fic. 1.—Frequency distribution of apparent magnitudes among nebulae in 
Holetschek’s list. 


Eo and E1 
My =10.45- 


Total Magnitude 


Log Diam 
-0.6 -0.4 ~0.2 0.0 +0.2. 


Fic. 2.—Relation between luminosity and diameter among nebulae at the begin- 
ning of the sequence of types—Eo and Ex nebulae. 
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Clouds have been included in order to strengthen the bright end of 
the curve which would otherwise be unduly influenced by the single 


E7 -Sa -5 a 
Mr =13.1-5 log D 


=0.2, 


Fic. 3.—Relation between bndeeae and diameter among nebulae at the middle 
of the sequence of types—E7, Sa, and SBa nebulae. 


° 
Sc~-SBbe 
Mr=14.5-5log d ° 
8F ar & 
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Fic. 4.—Relation between luminosity and diameter among nebulae at the end of 
the sequence of types—Sc and SBc nebulae. 
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object, M 31. The magnitudes +-o.5 and +1.5, which were assigned 
to the Clouds, are estimates based upon published descriptions. 
The correlation of the data is very closely represented by the 
formula 
mrp=13.0—5 logd. (2) 


This falls between the two regression curves derived from least- 
square solutions and could be obtained exactly by assigning appro- 


Irrequiar Nebulae 
My=13.3 -5log d 


Tota! Magnitude 


10) en (fe) 


e 
NGC 4656 


| Log Diameter 
0.0 1.0 20 


Fic. 5.—Relation between luminosity and diameter among the irregular nebulae. 
The Magellanic Clouds are included. N.G.C. 4656 is an exceptional case in that it 
shows a narrow, greatly elongated image in which absorption effects are very conspicu- 
ous; hence the maximum diameter is exceptionally large for its apparent luminosity. 


priate weights to the two methods of grouping. The nature of the 
data is such that a closer agreement can scarcely be expected. No 
correction to the assumed value of the slope appears to be required. 
The material extends over a range of 12 mag., and the few cases 
which have been investigated indicate that the correlation can be 
extended another 3 mag., to the limit at which nebulae can be classi- 
fied with certainty on photographs made with the roo-inch reflector. 
The relation may therefore be considered to hold throughout the 
entire range of observations. 
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The residuals without regard to sign average 0.87 mag., and there 
appears to be no systematic effect due either to type or luminosity. 
The scatter, however, is much greater for the spirals, especially in 
the later types, than for the elliptical nebulae. The limiting cases 
are explained by peculiar structural features. The nebulae which fall 
well above the line usually have bright stellar nuclei, and those which 
fall lowest are spirals seen edge-on in which belts of absorption are 
conspicuous. 


TABLE VII 

Type mT log d c* dt 

Okita sale rere tae II.40 —0. 204 10.38 1.2 
A Cee ea II.43 Lie 10.54 mes 
OTE MOEN OE ti.52 088 11.08 1.6 
Bares eNa eerie 8 oi te II.99 .133 11.33 1.8 
Be eos ehlonniae II.Q5 — .OIr II.90 2.4 
Rem celaniaere seraerae I0.97 —+- .090 | 2T.42 1.9 
OMT cise oR esa sane 10.93 . 220 12.03 225 
Weare afasmenpe ayatetere insO2 - 360 12.82 La) 
Sheek 11.69 SEO) US 4.7 
Diekaccencu aes II.55 .471 13.90 6.0 
CMe etn age meres II.74 -540 | 14.44 Viet] 
SBaseaneecconit as 11.66 267 13.00 4.0 
Decnc eaten. ais 11.48 EYP aneeale, Tees} 
Cay a eee 11.87 . 509 14.41 7.6 

| By Pace tea Ong ee II.34 +o. 469 13.68 5.4 


*Camp-+s log. 
t log d=o0.2 (C—m7); mp=io.0. 


EFFECTS OF ORIENTATION 


The effect of the orientation is appreciable among the spirals in 
general. In order to illustrate this feature, they have been divided 
into three groups consisting of those whose images are round or 
nearly round, elliptical, and edge-on, or nearly so. The mean values 
of mr+5 log dwere then computed and compared with the theoretical 
value, 13.0. The residuals are negative when the nebulae are too 
bright for their diameters and positive when they are too faint. The 
results are given in Table IX, where mean residuals are followed 
by the numbers of nebulae, in parentheses, which are represented by 
the means. 
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The numbers of the barred spirals are too limited to inspire con- 
fidence in the results, but among the normal spirals there is conclu- 
sive evidence that the highly tilted and edge-on nebulae are fainter 
for a given diameter than those seen in the round. A study of the 
individual images indicates that the effect is due very largely to dark 


14.0 — 


m, for d=1'0 


|3.0 


Diameter 
for m,=0.0 


Re) 


Diameter 


10.0 


EO E2 E+ E@ Sa Sb Sc 


Fic. 6.—Progressive characteristics in the sequence of types. The upper curve 
represents the progression in total magnitude with, type for nebulae having maximum 
diameters of one minute of arc. The elliptical nebulae and the normal spirals are in- 
cluded as representing the normal sequence, but the barred spirals and the irregular 
nebulae are omitted. The figures give the number of objects observed in each type. 
Among the later elliptical nebulae the numbers are so small that means of adjacent 
types have been plotted. The lower curve represents the progression in diameter along 
the normal sequence for nebulae of the tenth magnitude. 
absorption clouds, which become more conspicuous when the nebulae 
are highly tilted. These clouds are generally, but not universally, 
_ peripheral features. An extensive investigation will be necessary be- 
fore any residual efiect due to absorption by luminous nebulosity 
can be established with certainty. Even should such exist, it clearly 
cannot be excessive. 


SIGNIFICANCE OF THE LUMINOSITY RELATION 


The correlations thus far derived are between total luminosities 
and maximum diameters. In the most general sense, therefore, they 
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express laws of mean surface brightness. The value, K = 5.0, in for- 
mula (1) indicates that the surface brightness is constant for each 
separate type. The variations in C indicate a progressive diminution 


TABLE VIII 

Type c A log d Type 1G: A log d 
LOL NP as goa Io.30,| 0.54 || Sa... es. 13.31 | —0.06 
1 Wrtvcaerte ear 10.65 Ava Siar ee 13.90 18 
Zt EM arascront II.00 AOa| | OC ecetertete I4.45 20 
Bride he ta saals Tr.35 Zab | pew ot: he aera 13.00 00 
Ait Sethi es be ay fe) SOMES Divi. 13.16 03 
as eee 12.05 io MOST YC eS oie 14.41 28 
One aies 2, I2.40 TERNS bg ESS Se Peas 13.68 | —o.14 

Teteareara tects 12.75 | +0.05 


Standard Type 
my =15.0-5loq da 


Total Magnitude 


Loq Diameter 


5 0.0 1.0 2.0 


Fic. 7.—Relation between luminosity and diameter among extra-galactic nebulae. 
The nebulae have been reduced to a standard type, So, which, being the mean of E7, 
Sa, and SBa, represents a hypothetical transition point between elliptical nebulae and 
spirals. The Magellanic Clouds have been included in order to strengthen the brighter 
end of the plot. 


in the surface brightness from class to class throughout the entire 
sequence. The consistency of the results amply justifies the sequence 
as a basis of classification, since a progression in physical dimensions 


403 


26 EDWIN HUBBLE 


is indicated, which accompanies the progression in structural form. 
Although the correlations do not necessarily establish any generic 
relation among the observed classes, they support in a very evident 
manner the hypothesis that the various stages in the sequence rep- 
resent different phases of a single fundamental type of astronomical 
body. Moreover, the quantitative variation in C is consistent with 
this interpretation, as is apparent from the following considerations. 

Among the elliptical nebulae it is observed that the nuclei are 
sharp and distinct and that the color distribution is uniform over 


TABLE IX 


RESIDUALS IN m#p+5 LOG d AS A FUNCTION OF ORIENTATION 


Type Round Elliptical Edge-On 
Saat ceet er recres —o.02 (13) | —0.27 (13) | +0.57 (23) 
SD Mane .77 (24) xe) (XS) r.72 (11) 
SCH atone —o.08 (35) | —o.13 (57) | +0.66 (22) 
A Cae ails 7 eis —o.26 (72) | —o.11 (10s)| +0.83 (56) 
S Ba snvmtesaeseee, 0.0 (10) | —o.30 (7) | +0.31 (8) 
SBbaee nner =F SpicniGrop lh aioe Mey WNL Bneouo dance 
SB eres cet utes ethics +o.19 (9) | —o.50 (4) |] +0.32 (2) 
AICS Bearer +o.o1 (29) | —o.21 (17) | +o.3r (20) 
All spirals..... —o.22(r1or)] —o.13 (122)| +0.73 (66) 


the images. This indicates that there is no appreciable absorption, 
either general or selective, and hence that the luminosity of the 
projected image represents the total luminosity of the nebula, re- 
gardless of the orientation. If the observed classes were pure, that 
is, if the apparent ellipticities were the actual ellipticities, formula (1) 
could be written 


Ce=mr-+5 log b—s5 log (1—e) , (3) 


where 0 is the minor diameter in minutes of arc and ¢ is the ellipticity. | 
The term mr-+5 log is observed to be constant for a given type. 
If it were constant for all elliptical nebulae, then the term C.+ 
5 log (1—e) would be constant also. On this assumption, 


Ce+5 log (1—e) =Co, 
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where C> is the value of C for the pure class Eo. Hence 
Ce—Co= —5 log (1—-e) , (4) 


a relation which can be tested by the observations. An analysis of 
the material indicates that this is actually the case, and hence that 
among the elliptical nebulae in general, the minor diameter deter- 
mines the total luminosity, at least to a first approximation.t 

The observed values of C vary with the class, as is seen in Table 
VII and Figure 6, but, excepting that for E7, they are too large be- 
cause of the mixture of later types of nebulae among those of a given 
observed class. It is possible, however, to calculate the values of 
C.—C, for the pure classes and then to make approximate correc- 
tions for the observed mixtures on the assumption that the nebulae 
of any given actual ellipticity are oriented at random. In this man- 
ner, mean theoretical values can be compared with the observed 
values. The comparisons are shown in Table XII in the form 
C,—C., because E7 is the only observed class that can be considered 
as pure. The significance of the table will be discussed later. 

The following method has been used to determine the relative 
frequencies with which nebulae of a given actual ellipticity, oriented 
at random, will be observed as having various apparent ellipticities. 

In Figure 8, let the co-ordinate axes OX and OY coincide with the 
major and minor axes, a and 0, of a meridian section of an ellipsoid 
of revolution. Let OO’ be the line of sight to the observer, making an 
angle z with OX, and let OR be perpendicular to OO’. Let PP’ be a 

t This is apparent even among the observed classes. Referring to formula (3), 
mr+5 log 6 will be constant in so far as C,+-5 log (1—e) is constant. The following 


table indicates that the latter term is approximately constant throughout the sequence 
of elliptical nebulae. The values of C, were read from the smooth curve in Fig. 6. 


e C, 5 log (1—e) C, Res. 

ieee nie cle ee ios codecs Conabarerinye 10.30 0.0 I0.30 —o.14 
Lesh att Ay erc di,ecasetbselevs-s igrevanaia 10.65 — .23 I0.42 — .02 
DERE Ne, Srovaats dpe hens aus II.00 .48 10.52 + .I0 
Bote ntancia vice Pamiavieiereurs Tr.s8 0.78 10.57 + .13 
Aswin cee ap awe ane eee II.70 1 gee ae 10.59 + .1I5 
is (eng ralsiatecbevye- wea Lets ans 12.05 I.50 I0.55 + 11 
Wigan sce aaen cone ws I2.40 I.90 IO.41 — .03 
PM oN ear aNe ac co exe eats eye Kare Pays —2.62 TOLTZ —0.31 
IT CBN ses tabs rata sccmsetatel | aqwle-wisiala oust | txcecce ouasavevers 10.44 ©.12 
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tangent to the ellipse, parallel to and at a distance 0; from OO’. Let 
%. and yp, be the intercepts of the tangent on the X- and Y-axis, 
respectively. The apparent ellipticity is determined by 0,, which, for 
various values of the angle 7, ranges from 0 to a. The problem is to 
determine the relative areas on the surface of a sphere whose center 
is O, within which the radius OY must pass in order that the values 
of 6,, and hence of the apparent ellipticity, e,, may fall within certain 
designated limits. This requires that the angle 7 be expressed 
in terms of 0,. 


Fic. 8 


From the equation of the tangent, PP’, 
y=—x tani+ V otan%+b? 


Yo= V attan2i+b? . 


Since 
by =o COS 4 


63 = a’sin?z+ b?cos74 . 


Let a=1, then 


where 
b;=1-—¢,, b=1-e. 


From these equations, the values of 7 can be determined for all 
possible values of e;. The limits for the observed classes Eo to E7 
were chosen midway between the consecutive tenths, Eo ranging 
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from e=o to ¢=0.05; Ex, from e=0.05 to e=0.15; E7, from e=0.65 
to e=o.75. The relative frequencies of the various observed classes 
are then proportional to the differences in sin 7 corresponding to the 
two limiting values of ex. These frequencies must be calculated sepa- 
rately for nebulae of different actual ellipticities. 

The results are given in Table X, where the actual ellipticities, 
listed in the first column, are followed across the table by the per- 
centages which, on the assumption of random orientation, will be 
observed as having the various apparent ellipticities. The bottom 
row will be seen to show the percentages of apparent ellipticities 


TABLE X 
APPARENT 

ACTUAL 
Eo Er E2 E3 E4 Es E6 E7 Total 
dy Eiesunt yReRORR cee ©.055| O.I1I] 0.114] 0.116] 0.121] 0.132] 0.164] 0.187] 1.000 
Opens inten Nes SOF (et2ae ee L20|) Ge kasl TAS) ST OvtlO. 24a. <n clea rele 
Bean yee) saccti Sie FOOTE etAO| No. LAG| BLOC 250] sO, 20 4ilo- ara |S pniane|ome eres 
A cacwene iheieiniaicth sai Keljfol|  aneyos|’ — Aptoval| AUIe\licoye tard ls Ail ee Reel eis inte A 
RRP ate aot SERS) |  GOIE LS baer 0 fe) nt ons 37 01 [ateresemrcaea eoeuriceaca | eeeeceon al (o maceencuisy mich Ace 
De eines So Saelaiana dea soils Seidel | Pore ly Ard leaks cok) [eens hal hr Sita (neta an (ese | ee og 
tating Geeeame Seren fepaefool| Su (siol lagu maine Bo areal eee Gaeta Kee ees (once acicrey Mae eet les ca nsaec 
OQ Raseie wis anata Ti OCO| x rartcbeectttrten evostell cobs custel| Sarasa ai] seacnretata’|'sore@parltaaaies hie |hheraste 5 
etal. nce. fx. 805 1.846] 1.354] 1.041] 0.797] 0.582] 0.388] 0.187] 8.000 
: “*"}\0. 226} 0.231] 0.169] 0.130] 0.100] 0.073] 0.049] 0.023] 1.000 


observed in an assembly of nebulae in which the numbers for each 
actual ellipticity are equal and all are oriented at random. 

From this table and the actual numbers in the observed classes 
as read from a smoothed curve, the numbers of each actual ellipticity 
mingled in the observed classes can be determined. For instance, 
the four nebulae observed as E7 represent 0.187 of the total number 
of actual E7. The others are distributed among the observed classes 
Eo to E6 according to the percentages listed in Table X. Six nebulae 
are observed as E6, but 3.6 of these are actually E7. The remaining 
2.4 actual E6 nebulae represent 0.224 of the total number of that 
actual ellipticity, the others, as before, being scattered among the 
observed classes Eo to Es. Table XI gives the complete analysis 
and is similar to Table X except that the percentages in the latter 
are replaced by the actual numbers indicated by the observations. 
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Finally, the mean values of C;—C, are calculated from the num- 
bers of nebulae in the various columns of Table XI together with 
the values of C,—C- for the pure classes as derived from formula (4). 
The results are listed in the fourth column of Table XII following 
those for the pure and the observed classes. In determining the ob- 
served values, N.G.C. 524 and 3998 are included as Eo and E1, 
although in Table I they are listed as peculiar, because they are ob- 
viously much flattened nebulae whose minor axes are close to the 
line of sight. 

The observed values in general fall between those for the pure 
classes and those corresponding to random orientation. They are of 


TABLE XI 
APPARENT 
ACTUAL 
Eo Ex E2 E3 E4 Es E6 E7 Total 
Ey crea Guha r.2 2.4 Avis 205 2.6 2.0 3.6 AnOn 2 Laer 
Geers mtaeceettt 0.6 ee I.4 eis 1.6 2.0 Pas? Wal Pra 10.8 
Re aiatinle gt ero talaeisiia 8 a7 1.8 230 Dy Bis N| eee recare il reneeeaae oer 
Tas ARORA G, ir ao 8 ny 1.9 DF B.S Uo ie peberers |iketes snl neem 10.0 
Roecte nee pers cietne, oie 0.9 2a 2.8 BSH | rayeer a all edsasusit |lavetenanees, | ae eae 9-3 
7 Fe Me TEN See rac AON ec HON enced cin into sy [pencuria cy ls ain.o. ot fein Saas. e 7.6 
Eto sa aa a7 Eyota erp an yee naecen ce cline os, al lomnniee ellacioto oclhicea-n & 5.6 
ST Ae pR PSC Ory areeee, ec, eaatorsta. fice cer aearel| ate tek eerie ar reeceees | eee | ema ane 9-9 
Ota aint nie ||, SHotON |) YoY || A IoN| awoyetoy |] foyer |b aerel || HEL) || telypeto 


* The totals represent the numbers in the observed classes as read from a smooth curve. 


the same order as the latter, and the discrepancies are perhaps not 
unaccountably large in view of the nature and the limited extent of 
the material. There is a systematic difference, however, averaging 
about o.2 mag., in the sense that the observed values are too large, 
and increasing with decreasing ellipticity. One explanation is that 
the observed classes are purer than is expected on the assumption 
of random orientation. This view is supported by the relatively small 
dispersion in C, as may be seen in Table I and Figure 2, among the 
nebulae of a given class, but it is difficult to account for any such 
selective effect in the observations. The discrepancies may be largely 
eliminated by an arbitrary adjustment of the numbers of nebulae 
with various degrees of actual ellipticity; for instance, the values in 
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the last column of Table XII, calculated on the assumption of equal 
numbers, agree very well with the observed values, although the re- 
sulting numbers having the various apparent ellipticities differ slight- 
ly from those observed. The observed values, however, can again be 
accounted for by the inclusion of some flatter nebulae among the 
classes E6 and E7. Very early Sa or SBa nebulae might easily be 
mistaken for E nebulae when oriented edge-on, although they would 
be readily recognized when even slightly tilted. If the numerical re- 
sults fully represented actual statistical laws, the explanation would 


TABLE XII 


DIFFERENTIAL VALUES OF C 


RANDOM ORIENTATION 
PURE 


CLass OBSERVED 
CLASSES z 
ONS | aval No 

Cl=C7 eerie. ©.00 0.00 0.00 0.00 

COs acycccunss 0.63 Omaha 0.25 0.35 

CBM sos I.10 °.70* 0.58 °.70 

Carat I.51 0.85 0.87 1.01 

aim ak es 1.84 I.42 T It Tees 

Oo a eee Hepsi) 1.67 roe 1.55 

Cree wses 2.39 2.01f oy 1.83 

(Glos Sean 2.62 2.177 2H Ls 2.25 


* Read from smooth curve in Fig. 6. The small numbers of observed Es 
ee E6 mebNiee justify this procedure. The other values are the means actually 
observed. 


+ N.G.C. 524 and 3908 are included as Eo and Er, respectively. 


be sought in the physical nature of the nebulae. The change from 
ellipsoidal to lenticular figures, noticeable in the later-type nebulae, 
would affect the results in the proper direction, as would also a pro- 
gressive shortening of the polar axis. The discrepancies, however, are 
second-order effects, and since they may be due to accidental va- 
riations from random orientation, a further discussion must await 
the accumulation of more data. 

Meanwhile, it is evident that, to a first approximation at least, 
the polar diameters alone determine the total luminosities of all 
elliptical nebulae, and the entire series can be represented by the 
various configurations of an originally globular mass expanding 
equatorially. A single formula represents the relation, in which the 
value of C is that corresponding to the pure type Eo. From Table 
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XII, this is found to be 2.62 mag. less than the value of C;,. The 
latter is observed to be 12.75, hence 


mr+s5 log b=10.13. (5) 


If this relation held for the spirals as well, the polar diameters 
could be calculated from the measured magnitudes. Unfortunately, 
it has not been possible to measure accurately the polar diameters 
directly, and hence to test the question, but they have been com- 
puted for the mean magnitudes of the Sa, Sb, and Sc nebulae as 
given in Table III, and the ratios of the axes have been derived by a 
comparison of these hypothetical values with the means of the meas- 
ured maximum diameters. The results, 1 to 4.4, 1 to 5.7, and 1 to 7.3, 
respectively, although of the right order, appear to be somewhat too 
high. An examination of the photographs indicates values of the or- 
der of 1 to 5.5, 1 to 8, and r to 10, but the material is meager and may 
not be representative. The comparison emphasizes, however, the 
homogeneity and the progressive nature of the entire sequence of 
nebulae and lends some additional color to the assumption that it 
represents various aspects of the same fundamental type of system. 

From the dynamical point of view, the empirical results are con- 
sistent with the general order of events in Jeans’s theory. Thus 
interpreted, the series is one of expansion, and the scale of types 
becomes the time scale in the evolutionary history of nebulae. In two 
respects this scale is not entirely arbitrary. Among the elliptical 
nebulae the successive types differ by equal increments in the ellip- 
ticity or the degree of flattening, and among the spirals the inter- 
mediate stage is midway between the two end-stages in the struc- 
tural features as well as in the luminosity relations. 

One other feature of the curves may be discussed from the point 
of view of Jeans’s theory before returning to the strictly empirical 
attitude. The close agreement of the diameters for the stages E7 
and Sa suggests that the transition from the lenticular nebula to the 
normal spiral form is not cataclysmic. If the transition were gradual, 
however, we should expect to observe occasional objects in the very 
process, but among the thousand or so nebulae whose images have 
been inspected, not one clear case of a transition form has been de- 
tected. The observations jump suddenly from lenticular nebulae 
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with no trace of structure to spirals in which the arms are fully 
developed. 

If the numerical data could be fully trusted, the SBa forms would 
fill the gap. Among these nebulae, the transition from the lenticular 
to the spiral with arms is gradual and complete. It is tempting to 
suppose that the barred spirals do not form an independent series 
parallel with that of the normal spirals, but that all or most spirals 
begin life with the bar, although only a few maintain it conspicuously 
throughout their history. This would also account for the fact that 
the relative numbers of the SBa nebulae are intermediate to those of 
the lenticular and of the Sa. The normal spirals become more nu- 
merous as the sequence progresses, while the numbers of barred 
spirals, on the contrary, actually decrease with advancing type. 


RELATION BETWEEN NUCLEAR LUMINOSITIES AND DIAMETERS 
Visual magnitudes have been determined by Hopmann for the 
nuclei of 37 of the nebulae included in the present discussion. These 
data, together with types and diameters of the nebulae, are listed 
in Table XIII. When the magnitudes are plotted directly against 
the logarithms of the diameters, they show little or no correlation. 
When, however, the nebulae are reduced to the standard type (by 
applying corrections for differences in diameter along the sequence), 
a decided correlation is found whose coefficient is 0.76. This is 
shown in Figure 9. The simple mean of the two regression curves 
is 
Mn=14.45—4.94 log d , (6) 
where the slope differs by about 1 per cent from that in formula (2). 
The list contains 16 elliptical nebulae, 15 normal, and 6 barred spirals. 
The nebulae are fairly representative, except that few late-type 
spirals are included. This is an effect of selection due to the fact 
that nuclei become less and less conspicuous as the sequence pro- 
gresses. 

The same result can be derived from a study of the differences, 
M,—mr, for the individual nebulae. The mean value is 1.55 +0.08, 
and the average residual is 0.60 mag. Means for the separate types 
are to be found in Table XIV. 

The low value for Sa-SBa is due to N.G.C. 5866, for which the 


411 


34 EDWIN HUBBLE 


magnitude difference of 0.06 is certainly in error, and the high value 
for Sc and SBc, to M 51, for which the difference of 3.98 mag. is not 
representative. The latter is accounted for in part by the fact that 


TABLE XIII 
DIAMETERS AND NUCLEAR MAGNITUDES 


™. ™m. 

a ire ont Hapmaut Reduced 
DOT eles ranks E2 +0.42 9.84 11.85 
TO2Q? sate SBa .78 11.86 11.86 
28h Tanne Sb 0.78 12.08 II.19 
308 Tita sactaneee Sb 120 10.94 10.05 
BET Ces cen ctene Ey ©.60 10.83 II.09 
BACT ct eesres SBb .48 Tee 12,15 
Ba OOsreteetn. Sa 85 11.68 II.43 
ey Slane Eo E30 Till Beso 14.27 
BALO. wouenhe a SBa .40 II.59 II.59 
BASOM wicca Sb .40 hos 4) 10.65 
BOO women: Sa . 28 12.37 D202 
BOQ ornate cia Sb .9O 12.03 II.14 
BEDS sr vtversinrerd E4 30 ita 13.04 
AZO eae Sb 85 11.65 10.76 
B27 O cree tahoe Er .O I2.02 14.38 
TN Y fv At Er .08 A3 e710 
Pet V ie PO sapien E4 .48 Gra 77 13.07 
BARREL Jai tos E6 pais 11.65 12.26 
BARS Terenas Sb -54 11.83 10.94 
BASOr re siarewie Eo .30 e253 13.95 
RAG ie, caterers aoe E6 .18 Tr75 12.36 
AGRO corelereva's oe Eo Je Tin50 14.31 
ASOO sear: tee Sc .65 I2.05 10.57 
PI (ae rent eas SBec pA 11.48 10.07 
AGG ah ake E5 +30 Ir.60 12.56 
AGZO sae Er .08 II.97 14.33 
AOAO manent E2 .30 ELAS 13.58 
AOOW eae eta E6 .48 10.90 ie ft 
A000. tia Sore SBb ay 10.72 10.56 
7h Pix eke oe ae SBb Ye IL .07 mire rate 
Fg ASI «er A Oe Sb .70 10.36 9.47 
SOOK sean a ee Sc aife! 12.04 10.56 
ay eau or daca Sc 0.78 12.38 10.90 
IQA Gears: Sc 1.08 11.38 9.90 
R200 cen Renae E3 0.15 T2.10 £3).70 
GOOG teen ewe Sa .48 17276 Roast 
7235 ener Sb +0.95 11.82 10.93 

Means reg | serena +o.509 I1r.60 II.go 


the mr refers to the combined magnitude of the main spiral and the 
outlying mass, N.G.C. 5195. When these two cases are discarded, 
the final mean becomes 1.52+0.05, and the average residual, 0.52 
mag., is consistent with the probable errors of the magnitude de- 


412 


EXTRA-GALACTIC NEBULAE 35 


terminations. The small numbers of objects within each class are 
insufficient for reliable conclusions concerning slight variations along 
the sequence. From the constancy of m,—®r, the relation expressed 
by formula (6) necessarily follows, the small difference in the con- 
stant being accounted for by the different methods of handling the 
data. 

The parallelism of the two curves representing formulae (2) and 
(6) indicates that the regular extra-galactic nebulae, when reduced 


Dp 
Mp Standard Type 


| | loqd 


| 
lone) 0.2 oe 0.6 0.8 1.0 1.20 


Fic. 9.—Relation between nuclear magnitudes and diameters. The nebulae have 
been reduced to the standard type by applying corrections to the magnitudes. 


to the standard type, are similar objects. The mean surface bright- 
ness is constant, and the luminosity of the nucleus, as measured by 
Hopmann, is a constant fraction, about one-fourth, of the total lumi- 
nosity of the nebulae. If there is a considerable range in absolute 
magnitude and hence in actual dimensions, the smaller nebulae 
must be faithful miniatures of the larger ones. 


ABSOLUTE MAGNITUDES OF EXTRA-GALACTIC NEBULAE 

Reliable values of distances, and hence of absolute magnitudes, 
are restricted to a very few of the brightest nebulae. These are de- 
rived from a study of individual stars involved in the nebulae, among 
which certain types have been identified whose absolute magnitudes 
in the galactic system are well known. The method assumes that the 


413 : 


36 - EDWIN HUBBLE 


stars involved in the nebulae are directly comparable with the stars 
in our own system, and this is supported by the consistency of the 
results derived from the several different types which have been 
identified. 


TABLE XIV 
Types My—MT Number 
Ho-P a try crear ce ease 1.64 (9) 
1DY eS OF eterna eee ama er TAe (7) ‘ : 
Sa-S. Bae ee ee eae 0.97 (5) 1.27 when N.G.C. 5866 is omitted 
SD=SBb eco eee I.70 (ae) ; ; 
ScoS Bc et een cannes 1.76 (5) z.19 when N.G.C. 5194 is omitted 
Unweighted mean....... TsO (37) 1.45 (35) 
Weighted mean......... ess (37) 1.52 (35) 
TABLE XV 


ABSOLUTE MAGNITUDES OF NEBULAE 


System Mr Ms 
Galaxy et Ome ue ere me ten comet rier — 5.5 
14 BR G ape cid ee Boe, Pe ee ev OY STIRS —17.1 Ong 
ESV Chee tac, eee tere 17.0 8.0 
bo Eel Oe eee rors Oenoete 16.0 Ban 
Misa tan cer arc re tae Thor 6.5 
IN Gi@Z OS22 wnat ner eer 307, 5.8 
Meroree nits tc correo 13.5 |— 6.3 
IES s Aken ct Genie AMO ao Dao STE Sh oe cat Mcttine serge ee 
ssarebaauarnhene — 6. 
Sse ee di svetee = 9.0=M;—M, 
MEATS ee career Serre. —F5.0 |—15.3 
Adoptedaen accra er —15.2 


In Table XV are listed absolute magnitudes of the entire system 
and of the brightest stars involved, for the galaxy and the seven 
nebulae whose distances are known. The data for the Magellanic 
Clouds are taken from Shapley’s investigations. The absolute mag- 
nitudes of the remaining nebulae were derived from Holetschek’s 
apparent magnitudes and the distances as determined at Mount 
Wilson, where the stellar magnitudes were also determined. M 32 
is generally assumed to be associated with the great spiral M 31, 
because the radial velocities are nearly equal and are unique in that 
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they are the only large negative velocities that have been found 
among the extra-galactic nebulae. M ror has been added to the list 
on rather weak evidence. The brightest stars involved are slightly 
brighter than apparent magnitude 17.0, and several variables have 
been found with magnitudes at maxima fainter than 19.0. Sufficient 
observations have not yet been accumulated to determine the light- 
curves of the variables, but from analogy with the other nebulae 
they are presumed to be Cepheids. On this assumption, both the 
star counts and the variables lead to a distance of the order of 1.7 
times the distance of M 33. The inclusion of M ror does not change 
the mean magnitude of the brightest stars involved, but reduces the 
mean magnitude of the nebulae by o.2. 

The range in the stars involved is about 2.5 mag., and in the total 
luminosities of the nebulae, about 3.8 mag. This latter is consistent 
with the scatter in the diagram exhibiting the relation between total 
luminosities and diameters. The associated objects, M 31 and 32, 
represent the extreme limits among the known systems, and the 
mean of these two is very close to the mean of them all. 


LUMINOSITY OF STARS INVOLVED IN NEBULAE 


The number of nebulae of known distance is too small to serve 
as a basis for estimates of the range in absolute magnitude among 
nebulae in general. Further information, however, can be derived 
from a comparison of total apparent magnitudes with apparent 
magnitudes of the brightest stars involved, on the reasonable as- 
sumption, supported by such evidence as is available, that the 
brightest stars in isolated systems are of about the same intrinsic 
luminosity. 

The most convenient procedure is to test the constancy of the 
differences in apparent magnitude between the brightest stars in- 
volved and the nebulae themselves, over as wide a range as possible 
in the latter quantities. 

An examination of the photographs in the Mount Wilson collec- 
tion has revealed no stars in the very faint objects or in the bright 
elliptical nebulae and early-type spirals. This was to be expected 
from the conclusions previously derived. Observations were there- 
fore confined to intermediate- and late-type spirals and the irregular 
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nebulae to the limiting visual magnitude 10.5. The Magellanic 
Clouds and N.G.C. 6822 were added to the nebulae in Holetschek’s 


TABLE XVI 


DIFFERENCE IN MAGNITUDE BETWEEN NEBULAE AND 
THEIR BRIGHTEST STARS 


N.G.C. ms | a | Ms—MT 
Sb 
DOAN tet ear TSS 5.0 10.5 
LOO Saree eas Our 8.4 
204 TAY hone > 1905 90.4 Own 
BOBT dard sauna wie TOeS ee 3 10.2 
a aTOVe Motes. >19.0 10.4 = SiO 
ROWS Biri s sre 20.0 9.9 >On 
BOD 7% 59 syspsistaiens 18.5 9.1 9.4 
BAD Sern catty >19.0 TOs3 Seon 
HATO Ait 19.5 10.0 9.5 
ATA 0 ces aaa Wee 8.4 8.9 
AG2O 28 odors >19.5 9.2 >I10.3 
SOG 5 casein ixtareiot >I19.0 9.6 = Oat! 
RU AO serene >I19.5 10.4 SS Oa! 
Ve RAR Ace 19.0 10.4 8.6 
SBb 
AOGO caveearere | >19.5 | 10.0 | 5) 
Sc 
BB e cis ciessiels 18.3 9.3 9.0 
BOO rain ids otal 15.6 7.0 8.6 
DAO Rea aver ierews T7238 a7 8.6 
ZOOS Reta er >20.0 9.9 STO at 
2005 eclaen es 19.0 Q.1 9.9 
ADR A cree TS.5 10.4 8.1 
AS2E yee 4h 18.8 10.5 8.3 
LY. OS Sota e Saito i} 10.1 sO nA: 
ALOO an eeatse 18.8 10.2 8.6 
RE QAS Wea st yet ats ay fete ied: 9.9 
23 Oar pene 18.6 I0.4 a2 
SANT Ss oe Selo ceciegs 17.0 9.9 Tied 
Ir. 
RIVE, Cee 9.5 Ons 9.0 
SE Coes os I2.0 Ta 10.5 
ZOZB a casters >19.5 9.0 TOs 
Oe ea ieee. 17.8 9.5 8.3 
S22 see ee 15.8 8.5 ifs 
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list. Altogether, data were available for 32 objects, or about 60 per 
cent of the total number in the sky to the adopted limit. For this 
reason it is believed that the results are thoroughly representative. 

The data are listed in Table XVI and are shown graphically in 
Figure 10. The luminosities of the brightest stars are given in photo- 
graphic magnitudes. For the Magellanic Clouds, M 33, and N.G.C. 
6822, these were obtained from published star counts. For M 31, 51, 


a" ce ee 
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Fic. 10.—Relation between total magnitudes of extra-galactic nebulae and magni- 
tudes of the brightest stars involved. Differences between total visual magnitudes of 
nebulae and the photographic magnitudes of the brightest stars are plotted against 
the total magnitudes. The dots represent cases in which the stars could actually be 
detected; the incomplete crosses represent cases in which stars could not be detected, 
and hence give lower limits for the magnitude differences. The diagonal line indicates 
the approximate limits of observation, fixed by the circumstance that, in general, stars 
fainter than 19.5 probably would not be detected on the nebulous background. 


63, 81, 94, and N.G.C. 2403, they depend upon unpublished counts, 
for which the magnitudes were determined by comparisons with 
Selected Areas. For the remaining nebulae, the magnitudes of stars 
were estimated with varying degrees of precision, but are probably 
less than 0.5 mag. in error. 

The sloping line to the right in Figure 10 represents the limits of 
the observations, for, from a study of the plates themselves, it ap- 
peared improbable that stars fainter than about 19.5 could be de- 
tected with certainty on a nebulous background. Points represent- 
ing nebulae in which individual stars could not be found should lie 
in this excluded region above the line, and their scatter is presumably 
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comparable with that of the points actually determined below the 
line. When allowance is made for this inaccessible region, the data 
can be interpreted as showing a moderate dispersion around the 
mean ordinate 

Ms—MT=9.0. (7) 


The range in total magnitudes is sufficiently large in comparison with 
the dispersion to lend considerable confidence to the conclusion. The 
total range of four, and the average dispersion of less than 1 mag., 
are comparable with those in Table XV and in Figure 7, and agree 
with the former in indicating a constant order of absolute magnitude. 

The mean absolute magnitude of the brightest stars in the nebu- 
lae listed in Table XV, combined with the mean difference between 
nebulae and their brightest stars, furnishes a mean absolute mag- 
nitude of —15.3 for the nebulae listed in Table XVI. This differs by 
only o.2 mag. from the average of the nebulae in Table XV, and the 
mean of the two, —15.2, can be used as the absolute magnitude of 
intermediate- and late-type spirals and irregular nebulae whose ap- 
parent magnitudes are brighter than 10.5. ‘The dispersion is small 
and can safely be neglected in statistical investigations. 

This is as far as the positive evidence can be followed. For rea- 
sons already given, however, it is presumed that the earlier nebulae, 
the elliptical and the early-type spirals, are of the same order of ab- 
solute magnitude as the later. The one elliptical nebula whose dis- 
tance is known, M 32, is consistent with this hypothesis. 

Conclusions concerning the intrinsic luminosities of the apparent- 
ly fainter nebulae are in the nature of extrapolations of the results 
found for the brighter objects. When the nebulae are reduced to a 
standard type, they are found to be constructed on a single model, 
with the total luminosities varying directly as the square of the 
diameters. The most general interpretation of this relation is that 
the mean surface brightness is constant, but the small range in 
absolute magnitudes among the brighter nebulae indicates that, 
among these objects at least, the relation merely expresses the opera- 
tion of the inverse-square law on comparable objects distributed at 
different distances. The actual observed range covered by this re- 
stricted interpretation is from apparent magnitude 0.5 to 10.5. The 
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homogeneity of the correlation diagrams and the complete absence 
of evidence to the contrary justify the extrapolation of the restricted 
interpretation to cover the 2 or 3 mag. beyond the limits of actual 
observation. 

These considerations lead to the hypothesis that the nebulae 
treated in the present discussion are all of the same order of absolute 
magnitude; in fact, they lend considerable color to the assumption 
that extra-galactic nebulae in general are of the same order of abso- 
lute magnitude and, within each class, of the same order of actual 
dimensions. Some support to this assumption is found in the ob- 
served absence of individual stars in the apparently fainter late-type 
nebulae. If the luminosity of the brightest stars involved is inde- 
pendent of the total luminosity of a nebula, as is certainly the case 
among the brighter objects, then, when no stars brighter than 19.5 
are found, the nebulae must in general be brighter than absolute 
magnitude m7— 25.8 where mr is the total apparent magnitude. On 
this assumption, the faintest of the Holetschek nebulae are brighter 
than —12.5 and hence of the same general order as the brighter 
nebulae. 

Once the assumption of a uniform order of luminosity is accepted 
as a working hypothesis, the apparent magnitudes become, for sta- 
tistical purposes, a measure of the distances. For a mean absolute 
magnitude of —15.2, the distance in parsecs is 


log D=o0.2mr+4.04. (8) 


DIMENSIONS OF EXTRA-GALACTIC NEBULAE 


When the distances are known, it is possible to derive actual 
dimensions and hence to calibrate the curve in Figure 6, which ex- 
hibits the apparent diameters as a function of type, or stage in the 
nebular sequence, for nebulae of a given apparent magnitude. The 
mean maximum diameters in parsecs corresponding to the different 
mean types are given in Table XVII. For the elliptical nebulae, 
values are given both for the statistical mean observed diameters 
and for the diameter as calculated for the pure types. 

Spirals at the last stage in the observed sequence have diameters 
of the order of 3000 parsecs. Assuming 1:10 as the ratio of the two 
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axes, the corresponding volume is of the order of 1.410? cubic 
parsecs, and the mean luminosity density is of the order of 7.7 ab- 
solute magnitudes per cubic parsec as compared with 8.15 for the 
galactic system in the vicinity of the sun. These results agree with 
those of Seares who, from a study of surface brightness, concluded 
that the galactic system must be placed at the end of, if not actu- 
ally outside, the series of known spirals when arranged according 
to density.” 


TABLE XVII 
DIAMETER IN PARSECS DY Ate TICe 
TYPE ee TyPE IN 
Obs. Cal. PARSECS 

BOs ss cassie: 360 340 Sa aeweceetien 1450 
Exam cues 430 380 Sbiiene seve 1900 
Ue een ate err acre 500 430 SCuseuieavacs 2500 
IDe gee aaa mice 590 AQ lie secheteee aiavcrerspa|te aelereuene 
TEAS ne erences 700 570 SBatees one 1280 
UR eerie ag tae 810 680 SBDeceeeniees 1320 
i oR eer etaec certo 960 850 SBeh a. eae 2250 
TRGT i haga tes Meena I130 1130 Eres eaves 1500 


MASSES OF EXTRA-GALACTIC NEBULAE 


Spectroscopic rotations are available for the spirals M 31? and 
N.G.C. 4594,3 and from these it is possible to estimate the masses 
on the assumption of orbital rotation around the nucleus. The dis- 
tances of the nebulae are involved, however, and this is known ac- 
curately only for M 31; for N.G.C. 4594 it must be estimated from 
the apparent luminosity. 

Another method of estimating masses is that used by Opik‘ in 
deriving his estimate of the distance of M 31. It is based on the 
assumption that luminous material in the spirals has about the same 
coefficient of emission as the material in the galactic system. Opik 
computed the ratio of luminosity to mass for our own system in 


t Mt. Wilson Contr., No. 191; Astrophysical Journal, 52, 162, 1920. 


7 Pease, Mt. Wilson Comm., No. 51; Proceedings of the National Academy of Sci- 
ences, 4, 21, 1918. 


3 Pease, Mt. Wilson Comm., No. 32: ibid., 2, 517, 1916. 
4 Astrophysical Journal, 55, 406, 1922. 
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terms of the sun as unity, using Jeans’s value’ for the relative 
proportion of luminous to non-luminous material. The relation is 


Mass=2.6L. (9) 


The application of this method of determining orders of masses 
seems to be justified, at least in the case of the later-type spirals and 
irregular nebulae, by the many analogies with the galactic system 
itself. Moreover, when applied to M 31, where the distance is fairly 
well known, it leads to a mass of the same order as that derived from 
the spectrographic rotation: 


MASS OF M 31 


Spectrorrapiictotatlon man vane ae 3.5XI109 © 
Cpls mieten et Mak selina: Osa 1.6X 109 


The distance of N.G.C. 4594 is unknown, but the assumption 
that it is a normal nebula with an absolute magnitude of —15.2 
places it at 700,000 parsecs. The orders of the mass by the two 


methods are then 
MASS OF N.G.C. 4594 


SPechrograpulc rOtavlonseen ees yes oe 2.0X 109 © 
Opis method. .atre aeaercwk os ack 2.6X 108 


Here again the resulting masses are of the same order. They can be 
made to agree as well as those for M 31 by the not unreasonable 
assumption that the absolute luminosity of the nebula is 2 mag. or 
so brighter than normal. 

Opik’s method leads to values that are reasonable and fairly 
consistent with those obtained by the independent spectrographic 
method. Therefore, in the absence of other resources, its use for 
deriving the mass of the normal nebula appears to be permissible. 
The result, 2.6 10° ©, corresponding to an absolute magnitude of 
—15.2, is probably of the right order. The two test cases suggest 
that this value may be slightly low, but the data are not sufficient 
to warrant any empirical corrections. 


NUMBERS OF NEBULAE TO DIFFERENT LIMITING MAGNITUDES 

The numbers of nebulae to different limiting magnitudes can be 

used to test the constancy of the density function, or, on the hypoth- 
t Monthly Notices, 82, 133, 1922. 
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esis of uniform luminosities, to determine the distribution in space. 
The nebulae brighter than about the tenth magnitude are known 
individually. Those not included in Holetschek’s list are: the Magel- 
lanic Clouds, the two nebulae N.G.C. 55 and 1097, between g.o and 
9.5 mag., and the seven nebulae N.G.C. 134, 289, 1365, 1533, 1559, 
1792, and 37206, all between 9.5 and 10.0 mag. 

A fair estimate of the number between 10.0 and 11.0 mag. can 
be derived from a comparison of Holetschek’s list with that of Hard- 
castle, an inspection of images on the Franklin-Adams charts and 
other photographs, and a correlation between known total magni- 
tudes and the descriptions of size and brightness in Dreyer’s cata- 
logues. It appears that very few of these objects were missed by 
Holetschek in the northern sky—not more than six of Hardcastle’s 
nebulae. For the southern sky, beyond the region observed by 
Holetschek, the results are very uncertain, but probable upper and 
lower limits were determined as 50 and 20, respectively. The 
brighter nebulae are known to be scarce in those regions. A mean 
value of 35 leads to a total 295 for the entire sky, and this is at least 
of the proper order. 

The number of nebulae between 11.0 and 12.0 mag. can be esti- 
mated on the assumption that the two lists, Holetschek’s and Hard- 
castle’s, are about equally complete within this range. They are 
known to be comparable for the brighter nebulae, and, moreover, 
the total numbers included in the two lists for the same area of the 
sky, that north of declination —10°, are very nearly equal— oo as 
compared with 408. The percentages of Holetschek’s nebulae includ- 
ed by Hardcastle were first determined as a function of magnitude. 
Within the half-magnitude interval 11.0 to 11.5, for instance, 60 per 
cent are in Hardcastle’s list. If the two lists are equally complete 
and, taken together, are exhaustive, the total number in the interval 
will be 1.4 times the number of Holetschek’s nebulae. The latter is 
found to be 50 from smoothed frequency curves of the magnitudes 
listed in Tables I-IV. The total number north of — 10° is therefore 
70. This can be corrected to represent the entire sky by applying 
the factor 1.75, which is the ratio of the total number of Hardcastle’s 
nebulae, 700, to the number north of —10°, 400. In this manner a 
reasonable estimate of 123 is obtained for the number of nebulae in 
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the entire sky between 11.0 and 11.5 mag. Similarly, between 11.5 
and 12.0, where 50 per cent of Holetschek’s nebulae are included 
in Hardcastle’s list, the total number for the entire sky is found to 
be 236. 

The greatest uncertainty in these figures arises from the assump- 
tion that the two lists together are complete to the twelfth magni- 
tude. The figures are probably too small, but no standards are avail- 
able by which they can be corrected. It is believed, however, that 
the errors are certainly less than 50 per cent and probably not more 
than 25 per cent. This will not be excessive in view of the possible 
deviations from uniform distribution where so limited a number of 
objects is considered. 

Beyond 12.0 mag. the lists quickly lose their aspect of complete- 
ness and cannot be used for the present purpose. There are avail- 
able, however, the counts by Fath" of nebulae found on plates of 
Selected Areas made with the 60-inch reflector at Mount Wilson. 
The exposures were uniformly 60 minutes on fast plates and cover 
the Areas in the northern sky down to and including the —15° zone. 
The limiting photographic magnitudes for stars average about 18.5. 
The counts have been carefully revised by Seares’ and are the basis 
for his estimate of 300,000 nebulae in the entire sky down to this 
limit. 

Approximate limiting total magnitudes for the nebulae in two 
of the richest fields, S.A. 56 and 80, have been determined from extra- 
focal exposures with the 1oo-inch reflector. The results are 17.7 in 
each case, and this, corrected by the normal color-index of such 
objects, gives a limiting visual magnitude of about 16.7, which can 
be used for comparison with the counts of the brighter nebulae. 

The various data are collected in Table XVIII, where the ob- 
served numbers of extra-galactic nebulae to different limits of visual 
magnitude are compared with those computed on the assumption of 
uniform distribution of objects having a constant absolute luminos- 
ity. The formula used for the computation is 


log VN =o0.6 mr+Constant , (10) 


t Astronomical Journal, 28, 75, 1914. 
2 Mt. Wilson Contr., No. 297; Astrophysical Journal, 62, 168, 1925. 
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where the constant is the value of log N for mr=o. The value 
—4.45 is found to fit the observational data fairly well. 

The agreement between the observed and computed log NV over 
a range of more than 8 mag. is consistent with the double assumption 
of uniform luminosity and uniform distribution or, more generally, 
indicates that the density function is independent of the distance. 

The systematic decrease in the residuals O—C with decreasing 
luminosity is probably within the observational errors, but it may 
also be explained as due to a clustering of nebulae in the vicinity of 


TABLE XVIII 


NUMBERS OF NEBULAE TO VARIOUS LIMITS 


Loc V* 
mT O—C¢ Loc Dt 
oO ¢ 

See Ctaer, tre 0.85 0.65 +o.20 aa 

OsO.neies noe 1.08 0.95 D3 5.84 

Quorn ens 1.45 Tah .20 5.94 

TOs O-cteverate ons 73 I.55 .18 6.04 
EO: Sly certs I.95 1.85 .10 6.14 
TEO.spararerai tor Desi 2ui5 = 3.02 6.24 
ED sheen cies 2.43 2.45 — .02 6.34 
Rh abe ic 2570 eo fs .O5 6.44 
TO ere 5.48 easy —0.09 Hpeehe) 
(L850) arecceyoee | eee toes (Gee [Imo oocmen ox (7.64) 


* Log N=0.6 mp—4.45. 
t Log D=o0.2 mp+4.04. 


the galactic system. The cluster in Virgo alone accounts for an ap- 
preciable part. This is a second-order effect in the distribution, how- 
ever, and will be discussed at length in a later paper. 

Distances corresponding to the different limiting magnitudes, as 
derived from formula (8), are given in the last column of Table 
XVIII. The 300,000 nebulae estimated to the limits represented by 
an hour’s exposure on fast plates with the 60-inch reflector appear to 
be the inhabitants of space out to a distance of the order of 2.4 X 107 
parsecs. The roo-inch reflector, with long exposures under good con- 
ditions, will probably reach the total visual magnitude 18.0, and this, 
by a slight extrapolation, is estimated to represent a distance of the 
order of 4.4 X10’ parsecs or 1.4 X10° light-years, within which it is 
expected that about two million nebulae should be found. This 
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seems to represent the present boundaries of the observable region 
of space. 


DENSITY OF SPACE 


The data are now available for deriving a value for the order of 
the density of space. This is accomplished by means of the formulae 
for the numbers of nebulae to a given limiting magnitude and for the 
distance in terms of the magnitude. In nebulae per cubic parsec, 
the density is 


log p= log N—log V 
= (0.6 mr—4.45) —log 7 3(4-04-+0.2 ma) (x1) 
=—17.19 


This is a lower limit, for the absence of nebulae in the plane of 
the Milky Way has been ignored. The current explanation of this 
phenomenon in terms of obscuration by dark clouds which encircle 
the Milky Way is supported by the extra-galactic nature of the 
nebulae, their general similarity to the galactic system, and the 
frequency with which peripheral belts of obscuring material are en- 
countered among the spirals. The known clouds of dark nebulosity 
are interior features of our system, and they do not form a continu- 
ous belt. In the regions where they are least conspicuous, however, 
the extra-galactic nebulae approach nearest to the plane of the Milky 
Way, many being found within 10°. This is consistent with the 
hypothesis of a peripheral belt of absorption. 

The only positive objection which has been urged to this explana- 
tion has been to the effect that the nebular density is a direct func- 
tion of galactic latitude. Accumulating evidence" has failed to con- 
firm this view and indicates that it is largely due to the influence of 
the great cluster in Virgo, some 15° from the north galactic pole. 
There is no corresponding concentration in the neighborhood of the 
south pole. 

t The latest and most reliable results bearing on the distribution of faint (hence 
apparently distant) nebulae are found in Seares’s revision and discussion of the counts 
made by Fath on plates of the Selected Areas with the 60-inch reflector. When the 


influence of the cluster in Virgo is eliminated the density appears to be roughly uniform 
for all latitudes greater than about 25°. 
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If an outer belt of absorption is assumed, which, combined with 
the known inner clouds, obscures extra-galactic nebulae to a mean 
distance of 15° from the galactic plane, the value derived for the 
density of space must be increased by nearly 4o per cent. This will 
not change the order of the value previously determined and is with- 
in the uncertainty of the masses as derived by Opik’s method. The 
new value is then 


p=9X107*§ nebulae per cubic parsec. (12) 


The corresponding mean distance between nebulae is of the order of 
570,000 parsecs, although in several of the clusters the distances 
between members appear to be a tenth of this amount or less. 

The density can be reduced to absolute units by substituting the 
value for the mean mass of a nebula, 2.6108 ©. Then, since the 
mass of the sun in grams is 210% and 1 parsec is 3.110% cm, 


p=1.5X 1075 grams per cubic centimeter. (13) 


This must be considered as a lower limit, for loose material scattered 
between the systems is entirely ignored. There are no means of esti- 
mating the order of the necessary correction. No positive evidence 
of absorption by inter-nebular material, either selective or general, 
has been found, nor should we expect to find it unless the amount of 
this material is many times that which is concentrated in the sys- 
tems. 


THE FINITE UNIVERSE OF GENERAL RELATIVITY 


The mean density of space can be used to determine the dimen- 
sions of the finite but boundless universe of general relativity. De 
Sitter’ made the calculations some years ago, but used values for 
the density, 10—*° and greater, which are of an entirely different order 
from that indicated by the present investigations. As a consequence, 
the various dimensions, both for spherical and for elliptical space, 
were small as compared with the range of existing instruments. 

For the present purpose, the simplified equations which Einstein 
has derived for a spherically curved space can be used.2 When 

* Monthly Notices, 78, 3, 1917. 

2 Haas, Introduction to Theoretical Physics, 2, 373, 1925. 
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R, V, M, and p represent the radius of curvature, volume, mass, 
and density, and & and ¢ are the gravitational constant and the 
velocity of light, 


R=—== + —, 
V ark Vp (4) 
V=27R3 , (15) 
TC? 
M=", gee (16) 


Substituting the value found for p, 1.5 X 1073", the dimensions become 


R=8.5X10% cm=2.7X 10” parsecs, (17) 
V=1.1X108% cm=3.5X 10” cubic parsecs, (18) 
M=1.8X 105 grams=9 X10” © . (19) 


The mass corresponds to 3.5 X 10"S normal nebulae. 

The distance to which the too-inch reflector should detect the 
normal nebula was found to be of the order of 4.4107 parsecs, or 
about 1/600 the radius of curvature. Unusually bright nebulae, such 
as M 31, could be photographed at several times this distance, and 
with reasonable increases in the speed of plates and size of telescopes 
it may become possible to observe an appreciable fraction of the 
Einstein universe. 


Mount WILtson OBSERVATORY 
September 1926 
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STELLAR SPECTRA OF CLASS $ 


II. CHANGES IN SPECTRA OF LONG-PERIOD VARIABLE STARS 
By PAUL W. MERRILL 


ABSTRACT 


Revised list of S-type stars.—A revised list of 31 S-type stars, of which 20 are vari- 
able, is given in Table I. The presence of zirconium bands in the spectrum of x Cygni 
is noted. The detailed classification of S-type spectra is a problem for the future. 

Spectroscopic data.—Spectroscopic observations are listed in Table II, which in- 
cludes the estimated intensities of the bright lines H8, Hy, and H6, and of the dark 
zirconium and titanium bands. Several variables, especially S Ursae Majoris and 
R Cygni, were extensively observed in order to determine the spectral variations dur- 
ing the light-cycle. Detailed descriptions of numerous lines follow Table II. 

Characteristic behavior of spectra of variables —The characteristic behavior of several 
features in the spectra of long-period variables is summarized. The zirconium bands 
are slightly weaker near maximum and the titanium bands much weaker. Bright hydro- 
gen lines are absent at minimum and are strongest near maximum. The intensity 
decreases rapidly from H to H6 when titanium bands are absent, but Hf and Hy are 
weaker when these bands are present. Bright enhanced lines of iron are visible at 
maximum and persist through a considerable portion of the light-cycle. The bright 
lines AA 4202, 4308, 4511, 4521, 4571, and several others behave about as in Me varia- 
bles, but certain differences are noted. The dark line \ 4554 Bat is slightly stronger at 
maximum than at other phases while \ 4607 Sr is much weaker at maximum. 

Relationship between classes M and S.—S-type spectra are closely related to those 
of giant stars of class M, and the temperature ranges of the two types of stars overlap. 
S-type stars probably have lower densities than M-type stars of the same effective 
temperatures. This is indicated by the spectra and by the relatively long periods of 
S-type variables. 

Special effects of titanium oxide.—Certain peculiarities of advanced M-type spectra 
may be special effects of a relatively high stratum of absorbing titanium oxide. S-type 
stars will be useful in studying this and similar problems of red stars. 


A general description of spectra of class S, together with an 
account of the observations leading to the inclusion of this class in 
the Draper system of stellar classification, may be found in Mount 
Wilson Contribution, No. 252; Astrophysical Journal, 56, 457, 1922. 
This description contains references to prominent absorption bands 
apparently characteristic of class S, whose origin has since been 
identified with zirconium oxide." It is planned later to publish a 
detailed discussion of the identification of lines and bands in spectra 
of this type. 

The present contribution deals principally with certain long- 
period variable stars whose spectra are characterized by the chief 

t Publications of the Astronomical Society of the Pacific, 35, 217, 1923. 
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features of class S. The spectral changes which accompany the 
periodic variations in brightness shed a strong light upon the rela- 
tionship between classes M and S, and have a bearing on many other 
problems of long-period variables. 

A revised list of thirty-one stars of class S is given in Table I. 
There is some doubt concerning the proper classification of W Cas- 
siopeiae, R Orionis, and R Canis Minoris. These stars have the S- 
type characteristics, with the important exception of the zirconium 
oxide bands, which are very weak or absent. A fourth star, not in- 
cluded in Table I, which bears some resemblance to class S but 
does not exhibit definite zirconium bands, is VX Geminorum," 
H.D. 55284. 

Another question concerning classification is raised by spectra 
which contain both titanium and zirconium bands. In certain stars, 
for example z* Gruis, the S-type features are dominant and the 
spectra might be described as class S plus titanium bands. In other 
stars, for example H.D. 22649 (Boss 826), H.D. 35155, and x Cygni, 
the S-type features are less dominant, and the spectra appear to be 
intermediate between classes M and S. Intermediate spectra in 
which the zirconium and the titanium bands are both comparatively 
weak are apparently not very numerous, as H.D. 22649 is the only 
one found among the M-type stars on the absolute magnitude pro- 
gram of the Mount Wilson Observatory. 

Various combinations of zirconium and titanium bands have been 
observed in the spectra of variable stars. In a given spectrum both 
groups of bands may be strong, as in AA Cygni (see Plate XVII 4); 
or the zirconium bands may be strong and the titanium weak, as in 
R Andromedae, or absent, as in S Ursae Majoris. In several vari- 
ables the titanium bands undergo large variations in intensity 
during the light-cycle. In one well-known long-period variable, 
x Cygni, zirconium bands of moderate intensity are associated with 
very strong titanium bands. In this case, the M-type spectrum 
appears dominant and the star is not included in Table I. It may, 

*See remark in the Henry Draper Catalogue; also Sanford, Mt. Wilson Contr., 
No. 276; Astrophysical Journal, 59, 339, 1924. 

2 See Plate XII in Mt. Wilson Contr., No. 252; Astrophysical Journal, 56, 457, 1922. 

3 Mt. Wilson Contr., No. 319; Astrophysical Journal, 64, 225, 1926. 
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however, eventually prove expedient to classify such spectra with 
those of class S. 

It will doubtless become desirable to form subdivisions of class 
S, analogous to those of class M, depending on the intensity of the 


TABLE I 


Stars oF Crass S 


Name H.D. R.A. 1900 | Dec. 1900 Mag. Spect. Period, Days 
DRVATHTONNG 0 155 1167 obro™ | +46°27’| 8.1-14.2 Se 346.5 
ReAndrom™... . 1967 | o 18.8] +38 1 | 5.6-14.0 Se 410.7 
WeG@assiopi 7. 3. 4350 | © 40.8 | +47 43 | 8.0-16 Se 276.0 
\y (Che egaaar 5235 © 49.0] +58 1 | 8.4-12.2 (Se) 403.5 
DECASSIOD Ge wise = 7769 I 12.3 | +72 5 | 7.6-14.5 Se 609. 5 
SOSS,520 sx reset 22049 3 33.5 | +62 54 ge ON ene ee 
T Camelop...... 20147 |) 4 80.3.) 4-05 57 | 7.0-13.5 Se 370 
RIOIOoISY. ees SL7OON As S08 [ican (e5O) oan koa5 (Se) B7o25 
35155 F730.) — 8 AB Hise | Gila Ae Elie eek. 

Royncis.......| $1010 | 6 §350-| -+-55 27 | 7.0-13.8 Se 379.2 

RiGemine ..-c.<|) $3702 7 1.3 | +22 52 | 6.4-13.8 Se 370 

Re Gan VIN: as -are 54300 | 7 3.2 | +10 12 | 7.2-10.0 (Se) 337.7 
58881 eee Ae Ct 3 Orme” We So” sl ocn cme 
62164 | 7 37.5 | —10 39 Var. St el rater 

ciaGernine, sites s 63334 |- 7 43:3 | +23 59 | 8.0-13.5 Se 288.1 
63733 7 45.3 | —18 45 8.5 SIME ean Beate 
64332 7 48.3 | —II 22 81 doe Alp om nrete ade 

WeGancris. 70276 8 16.0 | +17 36 | 7.5-13.0 Se 272.1 

SuUTsalans nn 110813 | 12 39.6 | +61 38 .3-12.5 Se 226.5 
T2TAgy) | tS 5003, | 174s 8.1 fo en rica 

ReaCamclopr sss. || t27220) |i14025. 0 | oe Ly | 7ro-13-7 e 269.5 

RW Librae.....| 136734 | 15 17.2 | —23 42 6-I1.7 (Se) 490 (about) 
raise | EP ase || eae ele) ode Be | may Late come rcreerars 
172804 | 18 37.1 | + 6 43 9.1 Sis laa sonore 
£77175 | 18 §8.5 | +12 7 8.7 Sa Brrsteateee heer 

GSacittaril a. .0. 180196 | 19 10.5 | —17 19 | 7.2-<13.1 Se Bots 

RAC YEN agin ace 185456 | 19 34.1 | +49 59 } 6.6-13.9 Se 425.9 

RASC EOI, «<2 190629 | 20 0.8 | +36 32 | 8.4- 9.2 S Unknown 

DAOV OTT Ges ccterel|hecoe weed 20 3.4 | +57 42 | 9.2-<14.7 Se 323 

Z Delphini...... 105763 | 20 28.1 | +17 7 | 8.2-14.0 Se 303.4 

a GIUIS........| 272087 | 22 16.6 | —46 27 6.6 OMAR rete cao t one 


characteristic features, especially of the zirconium bands, and to 
provide a nomenclature for spectra intermediate between classes 
M and §; but the detailed discussion of these matters should per- 
haps await further experience. 

The journal of observations and certain data concerning the 
individual spectrograms are given in Table II. The meaning of the 
letters preceding the plate numbers in the first column is as follows: 
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C—One-prism spectrograph, attached at the Cassegrain focus of the 100-inch 
Hooker telescope. Two camera lenses were employed with focal lengths of 
ro and 18 inches, and dispersions at Hy of 75 and 40 A per mm, respectively. 

+—One-prism spectrograph, attached at the Cassegrain focus of the 60-inch 
telescope. Nearly all the plates were taken with the 18-inch camera, having 


a dispersion at Hy of 34 A per mm. 
H—Small ultra-violet spectrograph, attached at the Newtonian focus of the roo- 


inch telescope. Dispersion at Hy, 95 A per mm. 

G—Plane-grating spectrograph for the yellow and red regions, attached at the 
Cassegrain focus of the 1oo-inch telescope. Dispersion, 66 A per mm. 
R—Three-prism spectrograph for the yellow and red regions, attached at the 

Cassegrain focus of the t1oo-inch telescope. Average dispersion from 

d 5900 to A 6700, 40 A per mm. 

The source for plate numbers without prefix is indicated in the notes following 
the table. 

The column headed ‘‘Phase” gives the number of days before 
(—) or after (+) the nearest maximum. Most of the photometric 
data were supplied by the Harvard College Observatory through 
the courtesy of Dr. Shapley and Mr. Campbell. I wish to thank 
these gentlemen for their continued co-operation in furnishing data 
concerning variable stars. 

The intensities of the bright hydrogen lines are estimates of the 
strength of the lines on the negatives, no allowance having been 
made for instrumental or other observational effects. The H line 
is often overexposed, and in these cases (say intensity greater than 
10) the estimates of this line are doubtless only rough approxima- 
tions. The estimated intensities of the absorption bands of zir- 
conium oxide and titanium oxide are given next. The figures for 
the titanium bands denote the subdivision of class M to which the 
intensity of the bands corresponds. Subdivisions of class S have not 
yet been formed, but the estimates of the zirconium bands have been 
made on somewhat the same basis. These estimates may be inter- 
preted as follows: o, not seen; 1, weak; 2, medium intensity; 3, 
strong; 4, very strong; “‘pr,” present; “tr,” trace. Parentheses indi- 
cate uncertainty. 

Notes in the last column indicate the portion of the spectrum 
shown by each spectrogram, if it is other than the usual blue-violet 
region. Remarks concerning the effective exposure refer to the region 
from A 4600 to d 4800, unless another portion of the spectrum is men- 
tioned. 
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PLATE 


(SOTAGA ve 
CeTA62" 2 
C0435. 
C 2408.. 
C 2468.. 
y 12176. 
Cogstr.. 
Cree 60..- 
C 2888.. 
Cr s0rs ee 


B23 tie 
3201.. 
y 8725.. 
(OM Ee iecaey 
Coney: « 
C5400... 


C2350), 
C 3495.. 


Cx1333.- 
C 1449.. 
(COMI 6 
Caray se. 
C2363... 
Ces074., 
C 3096.. 
Gerire ns 
C 3404.. 
C s525.. 


C 3918.. 
(C3027... 


Y 10755. 
y 11085. 
Y 12100. 


STELLAR SPECTRA OF CLASS S 


DATE 


1921 Nov. 
Nov. 
1922 Oct. 8 
1923 Aug. 
Sept. 30 


1915 May 30 
July 5 
1919 Oct. 3 
Oct. 15 
Oct. 
1921 Dec. 


16 
15 


1925 July 7 
Sept. 


1g2t Sept. 
Nov. 
Nov. 
1922 Sept. 8 
1923 July 
1924 Noy. 
Dec. 
1925 Jan. 6 
Sept. 2 
Sept. 


1926 July 
Aug. 


1922 Jan. 
1923 July 
Sept. 2 


TABLE II 


JOURNAL OF OBSERVATIONS 


J.D. 242 


3007 
3008 
3330 
36061 
3693 
3696 
3719 
3752 
3985 
4044 


0648 
0684 
2235 
2247 
2248 
3039 


4339 
4397 


2054 
3006 
3007 
3306 
3628 
4100 
4133 
4157 
4396 
4424 


4723 
4738 


3068 
3630 
3605 


INTENSITY 
INTENS 
a8 Easton Lives {ABSORPTION 
MONG. PHASE ‘ 
HB | Hy | H6 |\Zr0,\Ti0, 
X Andromedae 
as — 16) .02 Nag ee (aes ° 
ORh a | aR eed | Oen ences | Te tO 
el foes: 1) el ho aed Ne meee pr! | o 
PEt | —— AS AM neers eu ee (2) | o 
Deu en7 4] meal ciel erie lirere alieer ae 
0.7 |— to} 8] o.5|....| (2) { o 
OwS) ete 23]. 200) 6s 2 2 ° 
10.2 |+ 46] 20 Sark ao 
Ao aa | att is [place Nee ee Pee ir 0 
8.8 |-- 4 go} Tow 2 2 fo) 
R Andromedae 
fey Piel) heats Peele oye 
‘etstd bayer Hey hata ieee dna Ll oh gy 
7-5 |— 25] 5 5) 3 3 I 
ese ers ep ele 2 I 
pfctl (ee AS) 3 3 2 I 
7 yal Kemet <°) (ne © sy (mg et To)) 
9.6. aol 7 | 21) ofa) 
10.5 |+ 97} 3 | 0.5] 0.5} (3) | (4) 
U Cassiopeiae 
10.8 NO Alsen a Poeelinace (4) 
8.2/— a4 8 nh alfa ot 2 2 
Ones eS || eO rial be 2 2 
O23 tert Pes Himes lee Sane 
LESS etsy | ol Os Slee alae = (4) 
ved i er) oe vf AWS 2 2 
8.1 |+ 22] 12] 9 | 6 | ()| 2 
Ora? | 40| RIOR EO iO) Iie nS 
Sut Ol 2a |e Tales Iiese (eA. 
0.0 |-4- 22] 3 2 AS 4 5 
W Cassiopeiae 
8.2 |— 18] 8] 4 sXo)s | 
8.0 |— 312 roel EE ° ° 
S Cassiopeiae 
8.9 |+ 22] 6 aN Tae |e enlace 
SH \ ae S| PIG) 2 I 
8.4 |+ 34, 10 | 3] 0.5] 2 2 


ContINUOUS 
SPECTRUM 


Trace 

Green to red 
Underexp. 
Not seen 
Underexp. 


Underexp. 


Trace 
Trace 


Violet to yel- 
low; over- 
exp. 

Underexp. 

Underexp. 


Trace 


Trace 


Overexp. 
Overexp. 
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TABLE II—Continued 


eee 
—_————— i ————————————_ ____ EE 


INTENSITY 
mission Lives [APSORPTION 
Vis. BaNnpDs CoNTINUOUS 
PLATE DATE J.D. 242 ee PHASE CORTE UAL 
HB | Hy | Hé |Zr0,|TiO, 
ee a ee ee ee 
H.D. 22649 
y 7471..| 1918 Oct. 20] 1887 BE Se [Se aeetene [aera Stererens| carats I 3 
Ay FOSGe. | LOL Jatin 22) | MLOST | servers s!|lceate ero) ene -tn|fesiear levers I 3 
vy 8806.. DECANE Sil v2 900 Eis easeeteyc|l weave ates Cattetss|[atenene) eestor I 3 
(CGEM isa|| eryr HO Yflleniy (Adeadollacoon|ape ulleGadllooas pr | 3 | Blue to red 
C2677. |pr923u ane S| S425: lara |rers |r| teree liao pr | pr | Green to red 


¥ 11245. 1922 Aug. 9| 3276 | 9.0 |+ 59/ 5] 2 Rene] 3 | I | Underexp. 


R Orionis 


C 2409..| 1923 Aug. 29] 3661 | 9.3 
C 2424.. Sept. r] 3664} 09.3 |+ 14] 31] 0.4]....] o | o | Red 
C 3017..| 1924 Sept. 15 | 4044 | 10.0 


H.D. 35155 
C 672...]| 1920 Sept. 26| 2594 ATK. legs seventeen’ | ene, | eee I 3 
Ceg068 ol 1023 Jan. Fi) 3427 | geeralites cota etal eee pr | pr | Green to red 
R Lyncis 
3122..| 1915 Feb. 28] 0557 See ime PAN Spall ese Ih or 2 ° 
S123. Reb. Soil O55 7a coon | ceed Heald 5 ee 2a xO 
3140.. Mar. 12| 0569 | 8.1 |+ 8] 5.5] 310.5] 2 | © 
3160.. Mar. 28 | 0585 Se lap Beal og 2 VW atseene lexeneral| Greta Not seen 
C 2512..| 1923 Oct. 26] 37190 | 12.3 |+124| 3 | 0.5 (3) | o 
C 3530...| 1025 sept.30)) 4424 |) “O70. |\4- 62/1901) 4: 2 I 


y 8727...) 1910 Oct. 3 || 2235 Alas OA esi Bie | OAS oe |) to) 

Cerra. Oct. 14] 2246 Ffke> || NG) ako, a2 2 ° 

(Cae ae Oct. 15 | 2247 75.0 |—= iE5| 02 |) Onlee oy || t35 

CT AA Sas Oct. 17] 2249 7.0 |= 13] 12 | 6] 2 || ve) 

Crazhen. | 1020) Jana 0 Messo le oa7 toe sons | mt tan ayer | rete eee Not seen 
(COS tae Septs25 | 2500) | 72a s0lco ag ZA lie 

GC 82r- Dec. 27} 2686 8.3 |4- Go] to | 4 10.5) 3 ° 

C 1339..| 1921 Sept.2r| 29054 | 8.1 |— so] 4] 0.5 2 | 0 

y 10524. Oct. 10] 2973 jee |= Bol by: all ee: AL 

CRrA07-. Oct. 13] 2976 Wis | 9528 | gare | aetetel rete pr | o | Green to red 
C 1408.. Oct. 14] 2977 7 feta fom les eed Iereand ek pr | o | Green to red 
ASO. Nov. 13 | 3007 (eee am. 6ipeas Vp oe 2 ° 

rescore. Dec. 15 | 3039 4723 |= 35) 12 GAL RN ee Wl ees 

Goer es Decax5 | 30g05| e7es elas SS ese toe nO ee to yel- 

ow 
C 2003..} 1922 Nov. 6] 3365 | 6.6 |+ ro] 25 | 15 | 7 | (2) | (o) | Overexp. 
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DATE 


1923 Jan. 6 
Oct? 


Nov. 27 
1924 Feb. 21 
Nov. 11 
Dec. 13 
1925 Oct. 30 
Nov. 16 


1920 Mar. 3 


1921 Feb. 25 
Feb. 28 
Mar. 26 

1922 Jan. 12 
Dece 8 

1923 Jan. 7 
Mar. 8 
Mar. 23 
Oct. 28 
Nov. 28 

1925 Oct. 30 
Nov. 16 
Dec. 24 


1923 Apr. 3 
1925 Feb. 11 | 


1921 Mar. 28 
Apr. 29 
1923 Jan. 8 
Oct.27 


TABLE IJ—Continued 


J.D. 242 ee PHASE 
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hy 
ae.) 
se 
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R Geminorum—Continued 


3426 
3606 
3720 
3721 
3751 
3837 
4101 
4133 
4454 
4471 
4472 
4511 
4520 


4541 
4568 


2387 
2388 
2391 
2746 
2749 
2775 
3067 
3397 
3427 
3487 
3502 
3721 
3752 
4454 
4471 
4509 


3513 


4193 


2777 
2809 
3428 
3720 
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ip 
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IO 6 
3 I 
5 2 
6 x 
8 2 

12 4 

16 8 

PA a | 20; 

20 | Io 

15 7 

30 | 16 

24 | II 

TAs] 7 

16 8 

15 7 
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ABSORPTION 
Banps ContTINUOUS 
SPECTRUM 
H8 |2r0, |Ti0, 
Tors fo) 
es ° 
3 ° 
3 ° 
Bc We ae ° 
tr 3 ° 
2 eZ 1) 
6 | 2 | o | Overexp. 
2 2 ° 
2 | pr | (0) 
5 | pr | (o) | Overexp. 
5 2 fo) 
3 | 3 | © | Violet to red 
4 2 ° 
a 2 ° 
0.5} oO fe) 
O.5) © ° 
ordcilataste o | Trace 
2 ° ° 
Bae Re hoercich Pacis Red; trace 
roa eaaal tee Not seen 
ae rad lean Underexp. 


RO o | Yellowtored 


Bel iasre loti Not seen 
? ° 
beer een ee, oe Not seen 
eo o | Red 
iH ° (e) 
i ? fe) 
o | o | Yellowtored 
| 2 fe | 
| 
5) ea \\ Xe) | 
0.5] (3) | 3 | Umderexp. 
3 Py || a 
Seal ee lee} 
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INTENSITY 
INTE 
Vis Exarsston Lawes ea ea ConTINUOUS 
PLATE Date J.D. 242) yrac. |PHASE SPECTRUM 
HB | Hy | Hs \2r0,|Ti0, 
T Geminorum—Continued 
C 2747..| 1924 Apr. 17] 3893 | 10.6 |— 68)....|....] tr | pr | (4) | Trace 
3171 HORS MEP aey|| aK Steed = oH, Veullsacalleosd! & |) 
C 3186 Mars 34903" | 0.4 |=) 4710.5) tly |e 2s lO 
C 3240 ADEs ON A 2h One On | TO les me es yi 3 
C 3279 May 5] 4276 8.9 |+ 16] 6 By |e 2 3 
C 3620 Dec. 25| 4510 | 9.0 |— go] 1] o.5| 1x | pr! | (3) | Blue to red 
C3072 1926 Jan. 25] 4541 8.7 |— +9} 16 9 | 6 2 2 | Overexp. 
y I4019 Jan. 28] 4544 Sa7 = (6) 77 AN 2 2 
y 14024 Feb. 18] 4565 8.0 Io ES) 13 Tailed 2 2 
H.D. 63733 
C 1464..| 1921 Nov. 14] 3008 | 8.5 Seats I D 
i \ I 
H.D. 64332 
y 9847. | 1920 Dec. 29| 2688 ETO l tere den 2 4 
V Canc 
C 194. T9oI9Q, NOV. 9} 2272 |) BLO f= to) 15h) 7129 tho 
y 8875 Nov. 13 | 2276 | 8.0 |-+ir4| 7 Ba | pe |) ote) 
y 8883 Nov. 14] 2277 8310 |= 15 Oil Bal on 7ietre fo a eUnderexps 
47 TOI132.| 1921 Apr: 27| 2807 | “7.9 |— 3) to] $0.7) tr 0 
y 10757.| 1922 Jan. 13] 3068 Fe SM ironed Kapila Gi lberenetz|| ain’ || yo} 
LOR CL: Feb. 11] 3097 7.8 |-- I7| 15 rofl ae | tues || i: 
C 2743 1924 Apr. 16] 3892 Sol fares cisdh esi | Coy | Pe || aiid \l) Ko) 
ZIt7..| 1925 Jap. 6) 4557) 8:2 |— 24) 5 | 3°] tr’| pr iio || Blue towed 
C2074 1926 Jan. 25] 4541 | 12.0 |+ go] a pod ° fo) 
S Ursae Majoris 
BEOS. «|| LOLS Dis 2h | OLS sy soe Sela oS'6| eta | seel| store oi lee ener Not seen 
3200. Maye 17: (025 {8.5 al 43 | OE) aeree |e cellar leas Not seen 
3254. June 11| o660 | 8.1 |— 8] 2 | 2-4}. pr | (o) | Underexp. 
3271 June 25| 0674 | 7.8/+ 6] 3] 4 |. pr | (o) | Underexp. 
C 369 rgz0 Apr. 8] 2423 | 3.5 |— 31] 7 | 3 |. 2 | 0 
C 373 Apr. 10| 2425 | 8.5 |— 20] 11 elle 2 |0 
Y 9252 June 3] 2479 OA Nap Ag Is Beal seweras|| Uae ° 
xy 9848 Dec. 29} 2688 8.4 |+ 18] 6 Aoi et 2 ° 
C 866. steppe ene Poll myidedl Sony lee mel 7a oil ll ee || ies 
C 926.. Feb. 27.| 2748 |, tovo |-2978) tr | eee liane | (| on |) Underexp: 
C 1169. July 23] 2894 | 8.1 |— 3] 9 mi si I ° 
erees 1922 Heb; £2) 300791) Se5.\— 431 7 (163 lee eo 
C 1626. Mar. 19} 3133 30 07 ON 2 Ob] ME ie as) 
C 2068..| 1923 Jan. 7] 3427 | 10.3 |+ 6s]....]....]....| pr! | o | Red 
Y I1744. May 1] 3541} 8.5 |— 42] 10] 4|....| (2)] o 
52286e7 June 4] 3575 8.0 |— 8] 12 pap a I ° 


PLATE 


Sey 


C 2649.. 
C 3188.. 
(Creer ERS 
Grsacine 


C3375. 
C 3780.. 


Wt120.. 
Cr287S.6 


(Ow yes 


C 3491. 


| 191g June 
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DATE 


July 
1924 Jan. 
Feb. 
Apr. 
June 
1925 Jan. 


Feb. 


Mar. 


1922 May 
1923 June 


1924 Apr. 
June 


June 
July 
1922 May 
1923 Feb. 
Apr. 


1924 Jan. 


1925 Mar. 


Apr. 
May 
July 
1926 Apr. 


1921 July 
1924 July 


| 1920 June 


: | 1925 Sept. 


14 
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Vis. 


J.D. 242 vivo. PHASE 


INTENSITY 
Emission LINES 


a | iy 


S Ursae Majoris—Continued 


3604 
3807 
3837 
3893 
3949 
4157 


4193 
4213 


3191 
3576 


3892 


3951. 


2119 
2120 
2148 
3192 
3450 
3517 


3807 
4213 
4250 
4276 
4337 
4636 


2885 
3983 


2482 


4396 


8.1 |+ 21 
850° |— IO 
8.2 |J+ 11 
10.0 |+ 67 
II.0o 


9.1) 


H.D. 172804 


IBID ee ep tA 


8.7 


e rae stds ae 


INTENSITY 
ABSORPTION 
BANDS 
Hé6 |ZrO, |TiO, 
2 I ° 
I 2 ° 
I 2 ° 
Brea [tae fe} 
Bead hai Sa | oes 
ee 1 [eee 
Pests) nleo 
3 fe} 
° 
° 
° ° 
° 
pel PL a2) 
omy | 9) lel Nes 
ale 2 
tr 2 3 
3 ? I 
2 ix 5 
301.2 15 
naohei leaetirees pr 


ConTINUOUS 
SPECTRUM 


Red; under- 
exp. 


Blue to yel- 
low; poor 


Not seen 
Not seen 
Trace 
Trace 
Underexp. 
Underexp. 


ie (3) | 4 
ets 4 
ay 3 I 


10 PAUL W. MERRILL 


TABLE Il—Continued 
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ae NST INTENSITY 
Vis Enasston LINES al ects ContrInvous 
PLATE Date J.D. 242] jac, |PHASE SPECTRUM 
He | Hy | Hs |Zr0, |TiO, 
T Sagittarii 
C 1osg..| 1921 June 20] 2861 | (8.5)/+ 30] 7] 3] zr | pr |....| Trace 
C 1792..| 1922 July 13] 3249 | 9.1 |+ 65] 6] 2 ..| pr | (0) | Trace 
C 2365..| 1923 July 28} 3629 | 8.9 |+ 47) 4] 1 | tr Palas |eebrace 
C 2410.. Aug. 30] 3662 | 9.8 |+ 80] 5] 1 F b) o | Underexp. 
CO iskwjnsl) waren [vinta acs l| eyoy Kay | jc) ei) se allsoan 4 I 
C2887... Jolyer8 308s) |e Sete 15120 Sl] ee fh ay | ae 
R Cygni 
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NOTES ON INDIVIDUAL STARS 
X ANDROMEDAE 
Ha isa strong emission line on Plate C 1943. 


R ANDROMEDAE 


The first two plates were taken with the 373-inch reflector at Ann Arbor.! H¢ is 
present as a bright line on Plates C 137 and C 1499. He is not seen on any of the plates. 

The bright lines \ 4308 and ) 4571 are present on Plate C 3405. 

The zirconium bands, at least certain features of them, are stronger than in 
R Geminorum. The titanium bands are faintly present near maximum and develop to 
considerable strength as the light decreases. In R Geminorum, on the other hand, they 
do not appear on any of my spectrograms. The enhanced barium absorption line 
d 4554 is weaker than in the spectrum of R Geminorum. These facts probably indi- 
cate a cooler reversing layer than that of R Geminorum. 

Plate C 137 is reproduced in Plate XII a, Mt. Wilson Contr., No. 252; Astrophysical 
Journal, 56, 457, 1922. 

U_ CASSIOPEIAE 

Bright H¢ is present on nearly all of the plates, but He is seen on C 3113 only. He 
evidently increased considerably in relative intensity in the interval from December 13, 
1924, to January 6, 1925, because H¢ is a well-marked line on both dates, but He is not 
certainly seen on Plate C 3096, taken on the first date, whereas it is approximately as 
intense as H¢ on C 3113 taken on the second date.? Several other features increased in 


t Publications of the Astronomical Observatory, University of Michigan, 2, 45, 1916. 

2 The increase in the relative intensity of He after maximum light has been ob- 
served in Me variables also. See Mt. Wilson Contr., No. 200; Astrophysical Journal, 53, 
185, 1921; also Mr. Joy’s observations of o Ceti, Mt. Wilson Contr., No. 311; Astro- 
physical Journal, 63, 281, 1926. The phenomenon is probably connected with the de- 
crease in effective absorption of the line H of calcium. 
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intensity during this interval of twenty-four days, notably the titanium bands and a 
bright line at \ 4215. 

The following bright lines, in addition to those of hydrogen, were measured on Plate 
C 3113: AN 4138, 4178, 4202, 4215, 4308, 4521. There isa trace of a bright line at \ 4571. 
The absorption lines on this plate show little contrast with the continuous spectrum. 
Weak bright lines are seen at \ 4202 and d 4308 on Plate C 3096. 

Plate XVII c illustrates the change in intensity of the titanium bands. 


W CASSIOPEIAE 
Remark in H.D.: “The spectrum is peculiar in the distribution of its light. Nearly 
all of the brightness is between H8 and Hy.’”’ Remark by Miss Cannon in Harvard 
College Observatory Circular, No. 221: “The continuous spectrum is faint, but it is not of 
class M. It appears to resemble the spectrum of R Andromedae, which is peculiar.” 
On the Mount Wilson plates the spectrum closely resembles that of R Canis Minoris. 


S CASSIOPEIAE 


The bright enhanced iron lines \d 4583, 4923, and 5o18 are prominent on the second 
plate. They are slightly less intense on the third plate. 


R Orronis 


Ha is a very intense emission line on Plate C 2424. 
The type is not well marked. The spectrum appears to resemble that of R Canis 
Minoris. 
H.D. 35155 
This spectrum, from the violet to the red, closely resembles that of H.D. 22640, 
Boss 826. Plate C 672 is reproduced in Plate XII d, Mt. Wilson Contr., No. 252; 
Astrophysical Journal, 56, 457, 1922. 


R Lyncis 


The first four plates were taken with the 373-inch’reflector at Ann Arbor.? 

The bright lines \ 4308 and \ 4571 are present on Plate C 2512. Traces of them are 
visible also on C 35309. 

R GEMINoRUM 

Hydrogen lines —Ha. is a strong emission line on Plates C 1402, C 1408, and C 3647. 
The plates listed in Table III show one or more hydrogen emission lines of shorter 
wave-length than H6. 

The ratio of the intensity of He to that of H¢ is considerably greater on the last 
plate than on the preceding one (see discussion on p. 11 of similar behavior of the bright 
He line in the spectrum of U Cassiopeiae). 

On Plates C 1339 and C 2480, taken fifty and fifty-eight days, respectively, before 
maximum, the hydrogen lines are comparatively weak; but the relative intensities of 
H8 and Hy are approximately the same as on the other plates. From about phase —40 
toward maximum the hydrogen lines brighten rapidly. Their intensities, however, 
do not closely follow the light-curve, but are greater after maximum than at the same 
number of days before maximum, and at a given magnitude the intensities are greater 
after maximum than before. In other words, there is a time lag in the behavior of the 
bright hydrogen lines compared with the total light. 


® Loc. cit. 
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Miscellaneous bright lines — 4521 appears as a bright line at about phase —30 and 
continues to +87 or longer. \ 4511 appears about —1o, grows stronger, and becomes 
equal to \ 4521 at about +o. It is stronger than \ 4521 from then until +87, when 
both lines are weak. 

4308 appears as a bright line on practically all plates taken after maximum. 
d 4202 also appears on the stronger plates. Both lines increase in intensity with phase, 
but A 4202 is the weaker throughout. On Plate C 3694, phase +87, \ 4571 is a well- 
marked emission line. Bright lines were measured at \ 4215 and \ 4376 on the last two 
plates. 

Absorption lines.—Very few absorption lines are well shown by the spectrograms, 
except near maximum. The continuous spectrum decreases in intensity so rapidly 
toward the violet that the region of satisfactory exposure is surprisingly short. More- 
over, the lines have a tendency to become weak and indefinite when the star is faint. 
Thus it happens that on the present plates only a very few of the strongest lines can be 
followed for more than a few weeks at maximum. \X 4535, 4554, and 4607 lie in a favor- 


TABLE III 
INTENSITIES OF BRIGHT HyDROGEN LINES 
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able region and are seen on practically all the spectrograms. \ 4335 is a blend of zir- 
conium, titanium, and perhaps other lines; \ 4554 is the strongest ultimate line of the 
ionized barium atom; and 2 4607 is the well-known low-temperature line of strontium. 
d 4554 remains throughout about twice as strong as \ 4535, but both are more intense 
near maximum. X 4607, on the other hand, is decidedly weaker near maximum. The 
ratio \ 4607: 4554 shows a close correlation with the visual magnitude. Observations 
before maximum yield about the same curve as those after maximum. According to 
estimates with a low-power microscope, these two lines are equal when the magnitude 
is 7.8. 

Plate C 133 is reproduced in Plate XII b, Mt. Wilson Contr., No. 252; Astrophysical 
Journal, 56, 457, 1922. 

R Canis MInoris 


Ha is an intense emission line on Plates C 2067, C 2568, and C 3615; it is visible 
on y 9990 also, although this plate is under-exposed. 

This is not a typical spectrum of class S, and there may be some doubt whether or 
not the resemblance is sufficiently close to warrant its inclusion in this class. The chief 
objection is that the plates now available do not definitely show the zirconium bands in 
any portion of the spectrum. Were these bands present there would be no hesitation 
concerning its classification, as several other features of the spectrum have the same 


441 : 


14 PAUL W. MERRILL 


characteristics as in class S. The spectrum of V Cancri closely resembles that of R Canis 
Minoris in the blue-violet portion, but in the red the zirconium bands are well marked. 
This circumstance favors including R Canis Minoris in class $. Comparison with 
UV Aurigae, 051532, on the other hand, is unfavorable to this classification, for the 
spectrum of this star at one time resembled that of R Canis Minoris, but at two other 
times appeared to be related to class N. 


H.D. 62164 


Remark in H.D.: “On an ordinary plate the spectrum consists of dark bands and 
is seen only in the region between H@ and Hy. On a plate stained with pinacyanol, 
the region of greater wave-length resembles class Mc. Perhaps the spectrum varies.” 


T GemInoRUM 


Hydrogen lines—The Ha line is very weak or absent on C 3620. On Plate C 3672 
the bright hydrogen lines have the following intensities: H8 16, Hy 9, Hi 6, He —, 
Ht 2, Hn 0.5, H6 —. 

Absorption lines — 4535 has one-half or two-thirds the intensity of \ 4554. Near 
maximum, \ 4607 is about one-fourth as intense as A 4554, but on Plates C 2072, C 2516, 
C 3171, and C 3186, taken about two months from maximum, it is nearly as strong as 
4554. It is estimated that these lines become of equal intensity at mag. 10.0. All three 
lines appear weaker in this star than in R Geminorum. 

Bands.—On Plate C 3620 the zirconium bands are strong in the red region; titani- 
um bands are present but are less conspicuous. The titanium bands show a decided 
dependence upon phase, being much weaker at maximum than when the star is fainter. 
The zirconium bands show the same behavior to a lesser degree. Plate XVII d illus- 
trates the change in the intensity of the bands. 


H.D. 64332 
Remark in H.D.: “The spectrum shows some resemblance to that of a Gruis, 
R.A. 2251626, Dec. —46°27’, in the region between 18 and Hy. It appears to combine 
characteristics of classes M and R. Classified Ma on I 38629, on which it is very faint.” 


V CANCRI 

Ha is a strong emission line on Plate C 3117. 

The appearance of the spectrum on C 3673 is very different from that on the other 
plates. The intensity decreases toward the violet less rapidly than on C 2743, for 
example. From \ 4400 to Hf the spectrum is nearly continuous. All the lines are weak 
and have a curious blurred appearance. There are absorption lines in the position of 
H8 and Hé. A defect in the emulsion makes the nature of Hy indeterminate. Ca 4227 
is a fairly narrow dark line. 

Near time of maximum the spectrum in the blue and violet resembles that of 
R Canis Minoris, but in the red the zirconium bands are well marked, whereas in 
R Canis Minoris they are absent or very weak. 


S Ursar Magjoris 


The first four plates were taken with the 373-inch reflector at Ann Arbor.* 
Hydrogen lines.—Ha is a bright line of moderate intensity on Plate C 2068, but is 


1 Loc. cit. 
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not clearly seen on C 3118, although there is weak continuous spectrum in its vicinity . 
No hydrogen lines of shorter wave-length than Hé are visible on any of the plates. 
The bright hydrogen lines are absent at minimum, appear about phase — 60, and in- 
crease in intensity rapidly toward maximum. After maximum they become less intense 
until at +70 they are again very feeble. They are probably present for a somewhat 
longer interval and to a slightly fainter magnitude after maximum than before, 
but the lag is not very marked. As shown by Table II, the relative intensities of the 
hydrogen lines are nearly the same on all plates except those taken in June, 1915, on 
which Hy was evidently unusually strong. 

Bands.—The zirconium bands are present throughout the light-cycle but are less 
intense at maximum than at other phases. 

Figure x (upper curve) shows the light-curve of this variable and the distribution of 
my spectroscopic observations. 

Plate C 373 is reproduced in Plate XII c, Mt. Wilson Contr., No. 252; Astrophysical 
Journal, 56, 457, 1922. 

H.D. 121447 { 

The band structure is slightly peculiar, not being identical with that in R Gemi- 
norum. This probably accounts for the zero estimate of the intensity of the zirconium 
bands on the third plate. 

This spectrum resembles that of R Canis Minoris. 


RW LIBRAE 


The S-type features are not well marked, and the classification is uncertain. The 
spectrum changes. 
H.D. 156957 
Remark in H.D.: “This spectrum appears to resemble those of a? Gruis and 
T Camelopardalis.” 
The Mount Wilson spectrograms were obtained by Mr. Sanford. See Publications 
of the Astronomical Society of the Pacific, 36, 353, 1924. 


H.D. 172804 


The spectrogram was taken by Mr. Sanford. See Mt. Wilson Contr., No. 276; 
Astrophysical Journal, 59, 339, 1924. 


R Cyent 

The first three plates were taken by Wright with the 36-inch refractor at the 
Lick Observatory. 

Hydrogen lines—Ha is bright on all plates which show the red region. Bright Ht 
is seen on two plates and has the following intensities: y~ 11843, tr; H 59, 1. The bright 
hydrogen lines are very weak at phase — 80, but strengthen rapidly toward maximum, 
after which they decrease in intensity. They are still of moderate intensity, however, 
at phase +149. Their behavior is thus unsymmetrical with respect to maximum. In 
this connection it must be borne in mind that the ascending branch of the light-curve 
is steeper than the descending. It is probable, however, that the bright hydrogen lines 
persist to a slightly fainter magnitude after maximum than before, but further ob- 
servations are needed to determine definitely the characteristic times and magnitudes 
of appearance and disappearance. 


* Monthly Notices, 72, 548, 1912. 
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Miscellaneous bright lines —d 4521 appears in the spectrum about phase —45, 
followed twenty or thirty days later by \ 4511. 4511 slowly gains in relative intensity 
until it equals \ 4521 about phase +70. It is the stronger from that phase to +150 
when both lines are weak. 

The enhanced lines of iron, which are present in most Se spectra, are especially 
strong in R Cygni and persist throughout a considerable portion of the light-cycle. 
d 4583 is, in fact, visible on practically all the Mount Wilson spectrograms having the 
proper exposure for this region. These extend from phase —80 to +149. On many 
plates \ 4583 is a conspicuous feature, while \X 4549, 4924, 5018 are present with 
lower intensities. \ 4233 is faintly visible on two plates. 

d 4308 appears as an emission line on nearly all the plates taken after maximum, 
and \ 4202 on those taken after phase +60, but the intensity of \ 4202 does not exceed 
approximately one-half that of \ 4308 on any of my plates. The relative behavior is 
thus at variance with that in Me variables.t \ 4571 appears in emission at about +60 
and soon becomes as intense as \ 4308. The following additional lines which have been 
observed in emission in Me variables have been measured as bright lines on two or 
more plates of R Cygni: AX 4139, 4179, 4215, 4352, 4373, 4370, 4427, 4461. As far as 
may be judged from the small number of observations, their behavior is nearly the same 
as in the Me variables. 

A curious phenomenon is the presence on the same plate of \ 4571 Mg and A 4583 
Fe+ as conspicuous bright lines. At about phase + 100 they are of nearly equal intensity, 
d 4571 being weaker before this epoch and stronger after it. \ 4571 is an extreme low- 
temperature line, while \ 4583 is a well-known spark line requiring high excitation for 
its production in the laboratory. The simultaneous occurrence of these two lines in a 
stellar spectrum is very puzzling. If they actually arise from the same region of the 
star, the physical conditions must differ in some important particular from those within 
the range of laboratory experience. It may be, however, that they come from different 
regions of the star, with low excitation for the magnesium line and high excitation for 
the iron line. 

Absorption lines.—» 4535 and \ 4554 appear more nearly equal than in R Gemi- 
norum, but prior to phase +30, \ 4554 is somewhat more intense. \ 4607 is much 
stronger than either of these lines except when the star is brighter than 7.4 mag.; it is 
estimated that \ 4607 and A 4554 are of equal intensity at this magnitude, both before 
and after maximum. 

Figure 1 (lower curve) shows the light-curve of this variable and the distribution of 
my spectroscopic observations. Plates y 11117, C 1055, C 3492, and C 3572 are repro- 
duced in Plate XVII. 

Earlier observations.—In Monthly Notices, 72, 546, 1912, Espin has given a summary 
of the early spectroscopic observations of R Cygni. The spectrum was generally assigned 
to Secchi’s third type, and 1 was usually seen as a bright line. The Harvard observers 
noted that “‘the spectrum is peculiar, and shows changes on the various photographs.” 
Espin’s own observations during the autumn and winter of 1911 are quoted in detail. 
When the star was very faint, its spectrum was “apparently continuous,” but when the 
magnitude reached 8.7, the bands were quite clear. Toward maximum the bands seemed 
less distinct. The Mount Wilson spectrograms do not afford indubitable evidence of 
systematic changes in the intensities of the bands, but they suggest, in harmony with 


1 Mt. Wilson Contr., No. 200; Astrophysical Journal, 53, 185, 1921. 
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Espin’s observations, that the bands are slightly weakened when the star is brightest. 
Espin and one or two other observers thought the spectrum to be of type II (class M), 
but this is not surprising because the zirconium bands and the titanium bands present 
the same general appearance in the yellow and red. Espin saw the bright 1 line on 
several dates and thought it to be most conspicuous about two weeks before maximum. 
In the pages of the Monthly Notices following Espin’s article, Wright gives an account 
of three spectrograms obtained at Lick Observatory shortly after the maximum ob- 
served by Espin. The spectrum seems to have been much the same as that shown by the 
Mount Wilson plates at the same phase. 
AA Cyeni 


Remark in H.D.: ‘The spectrum is faint, and it is uncertain whether it belongs to 
Class N or Class S.” 

On the Mount Wilson plates this spectrum offers a fine example of the presence 
of both titanium and zirconium bands in considerable intensity. Both sets of bands 
appear slightly stronger on the second plate, which is reproduced in Plate XVII 6. A 
spectrum of class Mse (RS Ursae Majoris, 1925, April 9) is placed beside it for compari- 
son. Notice the difference in structure near \ 4620. 

Z DELPHINI 


Remark in H.D.: “On a photograph taken November 20, 1903, the line Hy is 
twice as bright as Hé. The class of spectrum is not well defined. The brightest portion 
is between HB and Hy.” 

A feeble bright H¢ line is present on Plate C 3493. He is not seen. 

a GRUIS 


The spectrogram was taken at the Chile station of the Lick Observatory and loaned 
to me through the kindness of Dr. Campbell and Dr. Moore. 


Additional notes on the spectra of most of these stars will be 
found in Mt. Wilson Contr., No. 252; Astrophysical Journal, 56, 457, 
1922. 

SUMMARY OF OBSERVATIONS 


Zirconium bands.—The intensity of these bands is quite differ- 
ent in various S-type stars. In the variables they are present during 
all or most of the light-cycle, being slightly weaker near maximum. 
Their intensity is perhaps more closely correlated with magnitude 
than with the interval from maximum. In S Ursae Majoris they per- 
sist throughout the light-cycle, but in V Cancri they apparently 
disappear during the decreasing phase. More observations will be 
required to determine the characteristic behavior near minimum. 

Titanium bands.—The intensity of these bands is widely differ- 
ent in various S-type stars. In about half of the variables they are 
absent or extremely weak at maximum and throughout the ob- 
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served phases, which in S Ursae Majoris include the entire light- 
cycle. In other variables they are present on all plates, but are 
fainter near maximum than at other times. In some stars the 
changes in intensity are very marked (see Plate XVII). In R Andro- 
medae the titanium bands are weak or absent near maximum, but 
are strong when the variable is fainter. 

The observations show very clearly that zirconium and titanium 
bands can exist simultaneously in a stellar spectrum. The signifi- 
cance of the relative behavior of these two groups of bands will be 
discussed below. One interesting observational feature which plays 
an important part in the recognition of the zirconium bands may 
be mentioned here. The titanium bands exercise a marked effect on a 
large portion of the spectrum, and, when strongly developed, prac- 
tically obliterate the characteristic S-type structure between \ 4626 
and \ 4700. A superficial inspection of the spectrograms might sug- 
gest that the zirconium bands disappear when those of titanium be- 
come strong, but a closer examination shows that in many cases the 
titanium band head at A 4626 is apparently displaced about 6A 
toward the violet from its normal position. This is caused by the 
fortunate circumstance that a zirconium band head occurs at about 
d 4620.7 It is this feature, illustrated in the spectrum of AA Cygni, 
Plate XVII 6, which permits the detection of zirconium oxide when 
the titanium oxide bands are strong. 

Hydrogen lines.—In non-variable S-type stars the Balmer lines 
are dark and of moderate intensity. The variable stars, with one 
exception, have exhibited very conspicuous bright lines near the 
maximum phase. The exception, AA Cygni, is a variable of class III 
with a small range and apparently irregular variation. Bright lines 
are not visible on the two Mount Wilson spectrograms and are not 
mentioned in the Henry Draper Catalogue. This star may thus be 
analogous to those irregular variables of class M, such as R Lyrae 
and a Herculis, whose spectra do not contain bright lines. 

In the spectra of the long-period S-type variables, emission lines 


t The identification is substantiated by unpublished laboratory observations by 
Dr. Kiess, of the Bureau of Standards, and by Dr. King, of the Mount Wilson Observa- 
tory. I am indebted to these gentlemen for the communication of their results in ad- 
vance of publication. 
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of hydrogen appear during the time of increasing light at about one- 
fifth of the period before maximum. The variable at this time may 
be about midway between minimum and maximum on the ascending 
branch of the light-curve. The intensities increase rapidly so that at 
maximum the lines are very strong. They decrease again after maxi- 
mum, but the interval of their visibility is greater than that before 
maximum, and the magnitude at which they finally disappear is 
probably slightly lower than at the time of their appearance before 
maximum. In these respects the bright hydrogen lines behave 
much as they do in Me variables.’ One slight difference is that the 
phase displacement or time lag after maximum seems to be smaller 
in the S-type variables. 

In spectra in which the titanium bands are absent, the intensities 
of the bright hydrogen lines decrease rapidly from H8 to H6 and 
the relative intensities remain about the same throughout the ob- 
served portion of the light-period. Ha is a very strong line, probably 
stronger than H8. H¢ is frequently seen on strongly exposed plates, 
but He is usually absent or very weak. In U Cassiopeiae and R Gem- 
inorum, He has been observed to increase in relative intensity during 
decreasing light, due possibly to the diminishing absorption of the H 
line of calcium. Similar behavior of He is known in Me variables. 
In R Geminorum the regular decrease of intensity of the successive 
members of the Balmer series in the ultra-violet is interrupted by 
H which, as in class Me, is strong compared to H@ and Hx. 

When titanium bands are present in the spectrum, the decrease 
from H6 to Hé is less rapid. H6 may equal or even exceed Hy when 
the bands are strong. 

Bright enhanced iron lines.—Several bright lines of ionized iron, 
particularly AA 4583, 4924, and 5018, are present with various in- 
tensities in the spectra of nearly all Se variables. They are especially 
prominent in S Cassiopeiae and R Cygni. They are probably strong- 
est near maximum, but their characteristic variation with phase is 
not clearly brought out by the present spectrograms. In the spec- 
trum of R Cygni they persist through a considerable portion of the 
light-cycle. A remarkable fact is that at about phase +100, when 


* Mt. Wilson Contr., Nos. 200 and 311; Astrophysical Journal, 53, 185, 1921, and 
63, 281, 1926. 


448 


STELLAR SPECTRA OF CLASS S 21 


the extreme low-temperature magnesium line \ 4571 has attained 
considerable strength, \ 4583 still remains a prominent feature of the 
spectrum. This is an interesting anomaly. 

Miscellaneous bright lines.—The following bright lines, in addition 
to those of hydrogen and enhanced iron, have been observed in 
the spectra of one or more Se variables: A 4138, 4178, 4202%*, 
4215, 4308*, 4352, 4373, 4376, 4427, 4461, 4511*, 4521*, 4571*. 
All these lines are known in Me variables.t Those most frequently 
observed in the present investigation are marked by an asterisk and 
will be described in the following paragraphs. The general features 
of the behavior of the other lines, as far as they can be determined 
from the meager material, are about the same as in the Me variables. 
The line at \ 4215 seems to have a shorter wave-length than that 
measured by Joy at \ 4216.19 in o Ceti and may have a different 
origin. 

d 4308 appears at maximum, or soon after, and strengthens 
gradually as the light decreases. \ 4571 appears at one-tenth to one- 
fifth of the period after maximum and later becomes stronger than 
d\ 4308. \ 4202 behaves about the same as \ 4308, but is less intense 
at all phases. \ 4308 makes its appearance rather earlier in the light- 
cycle in the Se variables than in those of class Me, and this is perhaps 
true of \ 4571 also. \ 4202, on the other hand, seems to come later, 
and is never so prominent as in Me variables shortly after maximum. 
The intensity of these three lines is not the same in all Se variables. 
They are weak, for example, in the spectrum of S Ursae Majoris. 

The lines \ 4511 and ) 4521 have various intensities in different 
stars. They are fairly strong in the spectra of R Geminorum and of 
R Cygni, and weak in that of S Ursae Majoris. \ 4521 appears about 
one-tenth of the period before maximum (phase —o.1f). \ 4511 is 
first visible about —o.o4p and increases in relative intensity, be- 
coming equal to \ 4521 at about phase +o.15/. It is the stronger 
from then on to +0.3~/, when both lines are again weak. The be- 
havior of these lines is thus much the same as in o Ceti,? except that 
in the Se variables they both appear somewhat earlier in the light- 

t Mt. Wilson Contr., Nos. 200, 265, and 311; Astrophysical Journal, 53, 185, 1921, 
58, 195, 1923, and 63, 281, 1920. 

2Joy, Mt. Wilson Contr., No. 311; Astrophysical Journal, 63, 281, 1926. 
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cycle. The fact that \ 4511 has its maximum intensity at a later 
phase than \ 4521 probably indicates that the excitation most favor- 
able for its production is lower than that for \ 4521. 

Absorption lines—The notes concerning the absorption spectrum 
of R Geminorum on page 13 apply to the other Se variables as 
well and explain why it is difficult to follow most of the absorption 
lines through any considerable portion of the light-cycle. Three lines 
only, \X 4535, 4554, and 4607, have been selected for discussion in 
the following paragraphs. The probable identifications of these 
lines are stated on page 13. 

The ratio of the intensity of \ 4535 to that of \ 4554 ranges, in 
different stars, from about 0.3 to 1.0. In the variables this ratio does 
not change markedly during the observed portion of the light-cycle, 
although in some cases it may decrease slightly near maximum. 

The strontium line \ 4607 is generally one-half or two-thirds as 
intense as \ 4554 in the spectra of the non-variable S-type stars. 
In the variables its intensity varies with phase in a striking manner. 
At maximum it is much weaker than \ 4554 (in some instances only 
one-fifth as intense), but as the star becomes faint it develops rapidly 
and may become six to eight times as strong as \ 4554. It is also 
strong before maximum. In fact, as far as the present data go, the 
relation of the magnitude of the variable and the relative intensity 
of \ 4607 and A 4554 seem to be the same for the ascending and the 
descending branches of the light-curve. Estimates of the magnitude 
at which d 4554 and A 4607 have equal intensities have been made in 
the case of four variables as follows: 


Mag. When 


Mag. 
A 4554=A 4607 Max. Mag. Difference 


Re Gemma ts 


vas) 6.9 0.9 
ALe(Gemin ieee 10.0 8.6 Te! 
SsUrss Mae aan SA 7.9 0.8 
RIC y goin eee ihae 7.0 0.4 


The maximum magnitude in the third column is the mean of the 
magnitudes at the maxima which occurred during the period of my 
spectroscopic observations. 
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DISCUSSION 


The present observations fully support the previous conclusion 
that S-type spectra are closely related to those of giant stars of 
class M." In investigating the physical conditions prevailing in 
S stars it will therefore be natural to study the relationship between 
the two types of spectra. 

The first thing to notice is the relative behavior of the zirconium 
and titanium bands. In the ordinary M-type spectra, titanium 
bands alone are seen; in some S-type spectra we find only the zircon- 
ium bands; while in certain other spectra both kinds of bands are 
present. The behavior of the bands in variable S-type stars is out- 
lined on pages 18 and 19. 

The stellar observations indicate that in general the temperature 
range for the production of the zirconium bands is higher than that 
for the titanium bands, and this is borne out by King’s experiments 
with the electric furnace, which showed that “‘the zirconium bands 
belong to the oxide and their presence indicates a distinctly higher 
temperature stage than that required for the bands of titanium 
oxide.’’? The laboratory work does not give a definite upper limit 
for the production of the bands, but it is probably higher for zir- 
conium than for titanium. 

The temperatures of the reversing layers of most S-type stars 
seem to be near the upper limit for the production of titanium bands. 
Under the prevailing conditions these bands evidently strengthen 
rapidly with comparatively small decreases in temperature, and 
we may therefore arrange the stars in a sequence of decreasing 
temperature according to the intensity of the titanium bands. Such 
an arrangement implies that the titanium-band intensity is a func- 
tion of temperature alone, and, while this may not be strictly true, 
the evidence indicates that it is at least approximately so. The 
changing temperatures of several variable stars and the relationships 
to the titanium bands are shown diagrammatically in Figure 2. 

For estimating the relative temperatures of M- and S-type stars 
the following means are available: (1) color; (2) heat index from 
measurements of total radiation; (3) absorption-line spectrum; 

t If dwarf stars of class S exist, they are not yet known. 


2 Publications of the Astronomical Society of the Pacific, 36, 140, 1924. 
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(4) bands, especially those of titanium; (5) behavior of bright lines 
in variable stars. These indicate that the temperatures of various 
S-type stars cover a range which overlaps that of the M-type stars, 
and it thus seems clear that the difference between the two types is 
not solely one of temperature. 

Three important factors, other than temperature, in which stars 
may differ are mass, density, and chemical composition. Difference 
in mass between M- and S-type stars is possible, but we have no 
direct means of establishing it or of proving that it would produce 
the observed spectral differences. The meager evidence available 


Upper limit for titanium bands 


Temperature 


Max. 
Light Phase 


Fic. 2—Diagram illustrating behavior of titanium bands in S-type variables 


suggests equal or larger masses for the S-type stars. S-type stars 
may contain more zirconium and barium than those of class M, 
but this possibility should be appealed to only as a last resort, because 
we are not now prepared to deal effectively with the only problems 
which it suggests. We are left, then, with difference in density as the 
most promising subject of inquiry, and here a positive result seems 
attainable. 

A lower density for S-type stars is indicated by the greater in- 
tensity of enhanced lines. The most outstanding cases in the ab- 
sorption spectrum are the strontium lines \ 4077 and \ 4215. The 
H and K lines of calcium are, I think, stronger in S-type spectra. 
Barium \ 4554 is much stronger in class S, but this line may pos- 
sibly be weakened in class M by some cause not directly connected 
with density. Bright enhanced lines of iron appear in the spectra of 
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most S-type variables. According to a suggestion by King, based 
on his observations of the high-current arc in vacuum,’ low density 
may be an important factor in producing the curious combination 
of enhanced lines with low-temperature lines in S-type spectra. 
The general appearance of the typical S-type spectrum is that asso- 
ciated with high luminosity and low density. The S-type stars may 
bear somewhat the same relationship to those of class M that 
Cepheids and pseudo-Cepheids do to ordinary F and G stars. The 
fact that S-type stars exhibit some tendency to congregate near 
the galactic plane, while the M-types, in general, are practically 
free from this tendency, is in line with this idea.” 

The relatively long periods of the S-type variables constitute 
another strong argument for low density. The temperatures of 
most S-type stars appear to approximate those of types M1-M3, 
but the periods correspond to those of variables of types M6-M8, 
which are generally believed to have lower densities. 

A possible additional argument for the low densities of S-type 
variables lies in the fact that their velocities are about the same 
as those of classes M6—M8e,3 the most tenuous of the M-type varia- 
bles. The relatively small velocities may also indicate higher 
masses. 

No observational fact seems inconsistent with the idea of lower 
density of S-type stars, and several features strongly favor it. We 
may therefore accept it as a working hypothesis of the physical 
difference between the two closely related classes of red stars. It 
seems possible that the only essential difference between classes 
M and S is one of density, but judgment must be reserved on this 
point. It would be extremely interesting if laboratory investigation 
should show that, in a mixture of titanium oxide and zirconium oxide 
vapors, low density is relatively favorable to the zirconium bands. 

A few remarks concerning certain problems of red stars, sug- 
gested by the comparison of S-type spectra with those of class M, 


t Publications of the Astronomical Society of the Pacific, 38, 235, 1926. 

2 Adams, Joy, and Humason have recently called attention to a noticeable galactic 
concentration of supergiant stars of class M (Mt. Wilson Contr., No. 319; Astrophysical 
Journal, 64, 225, 1926). 

3 Table XII, Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 215, 1923. 
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will be made in conclusion. Similarities and differences brought out 
by this comparison have been described in the preceding pages. 

Numerous spectral features common to the two types, or ac- 
centuated in the M-types, may be accounted for by low tempera- 
ture; and certain differences find an explanation in the hypothesis 
that S-type stars have lower densities than M-type stars at the same 
temperature.t Several remarkable features observed only in long- 
period variables exhibit similar behavior in classes M and S, and 
indicate that the circumstances accompanying the variation (and 
probably its fundamental cause) are the same in both classes. The 
presence of titanium oxide is evidently not a necessary condition 
for these phenomena. 

Certain other effects, however, seem to be closely correlated with 
the intensity of the titanium bands. In general, these effects consist 
of the surprisingly low intensities of certain features which might 
be expected to be strong. To be specific we may mention (1) weak- 
ness of bright Ha, H8, and Hy in comparison with H6 and the ultra- 
violet Balmer lines; (2) weakness of certain ultimate absorption 
lines, notably D,, D. of sodium, and \ 4607 of strontium; (3) weak- 
ness of the continuous spectrum from \ 4200 toward longer wave- 
lengths, often made evident by the surprisingly great relative in- 
tensity in the region \ 4100 to A 4200. 

Low temperature will not directly account for these peculiarities, 
and a special cause must be sought. It is perhaps to be found in the 
absorption of the titanium oxide bands, as in both M- and S-type 
stars the effects become more marked with increase in intensity of 
the bands. 

The titanium oxide, if responsible for the weakness of the spectral 
features under discussion, must lie at a higher level than that in 
which these are produced, and must exert a powerful absorption on 
the regions of the spectrum in which they are located. If light-pres- 
sure is proportional to the amount of radiant energy absorbed, then 
titanium oxide receives far greater upward impulses than any 
other substance known in the atmospheres of M- and S-type stars, 
and may thus exist at a very high level. Moreover, it is reasonable 


‘An alternative statement of the hypothesis is that S-type stars have higher 
temperatures than M-type stars of the same density. 
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to believe that when the bands appear very strong, the titanium 
oxide layer is nearly opaque in certain spectral regions (including 
those of the weakened features under discussion) and practically 
shuts off radiation from below, the energy which we observe in these 
regions being largely that emitted by the titanium oxide itself. 
This would explain how a spectral line can be eliminated from a 
region in which strong continuous spectrum is still observed. 

The deletion of the bright He line by the absorption of the over- 
lying calcium can be explained in a similar way. It has been difficult 
to understand how the hydrogen line could suffer greater absorption 
than the continuous spectrum which can be photographed within 
the broad H line, but if the calcium is quite opaque in this region, 
the light observed there being emitted by the calcium itself, this 
difficulty is overcome. 

The attempt to explain the abnormal relative intensities of the 
bright hydrogen lines in M-type variables by the absorption of 
titanium oxide will meet serious, but perhaps not insuperable, diffi- 
culties. Relative motion of the effective levels of hydrogen emission 
and titanium absorption may be a part of the explanation. Meas- 
urements of the displacements of the bright lines show the hydrogen 
apparently moving upward with respect to the absorbing materials 
at the time of maximum. If the effective levels of the hydrogen 
emission lie partly within the stratum of absorbing titanium oxide, 
this relative motion may conceivably explain the fact that the weak- 
ened lines are stronger after maximum than before. 

The value of S-type stars in testing this and other hypotheses 
concerning red stars lies in the fact that their temperature range 
overlaps that of the M stars; we are thus offered the opportunity of 
distinguishing between the general effects of low temperature and 
special effects such as those of low density or of the absorption of 
titanium oxide. Class N also may furnish useful comparisons, but 
its relationship to other classes of red stars is not so close as that 
between classes M and S. 


Mount WILSON OBSERVATORY 
August 1926 
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THE ELECTRIC-FURNACE SPECTRA OF YTTRIUM, 
ZIRCONIUM, AND LANTHANUM 
By ARTHUR S. KING anp EDNA CARTER 


ABSTRACT 

Furnace spectra of yttrium, » 2808-\ 7882; zirconium, \ 2792-d 8305; lanthanum, 
d 2799-d 8347.—Temperature stages from 2000° to 2800° C. were employed to observe 
the initial appearance of lines and their rate of increase in intensity, supplemented by 
low-temperature absorption spectra in the ultra-violet. A direct comparison with arc 
and spark spectra showed the changes undergone in these sources and served to select 
the enhanced lines. The numbers of lines classified are 451 of yttrium, 858 of zirconium, 
and 695 of lanthanum. Many enhanced lines of yttrium and lanthanum, and some of 
those of zirconium, are emitted by the furnace, their intensities in furnace and arc 
indicating the relative energy-levels of the ionized atom. For zirconium a temperature 
of about 2400° was required before any considerable number of lines appeared, and for 
this element a large proportion of lines emitted by the arc are enhanced lines. In the 
lanthanum spectrum, note is made of the large number of close doublets, and some 
triplets, all of which have been previously listed as single lines; also of the large pro- 
portion of lines relatively stronger in the furnace than in the arc. 

From an examination of the furnace, arc, and spark spectra of 
yttrium, zirconium, and lanthanum in the interval \ 2800 to \ 8400, 
data have been obtained for a classification of their lines according 
to the temperature required for initial appearance and the rate of 
change of line-intensity as the temperature is increased. Not only 
the lines of the neutral atom, but also, to a considerable extent, those 
of the ionized atom were treated in this way. The enhanced lines 
have been selected by a direct comparison of arc and spark spectro- 
grams. For yttrium and lanthanum especially, sufficient ionization 
is present at the higher furnace temperatures to produce the more 
sensitive enhanced lines. The degree in which these are radiated by 
the furnace and by the stronger ionization of the arc should aid in 
placing the relative energy-levels of ionized lines just as the tem- 
perature classification of other elements has served to indicate 


energy-levels for the neutral atom. 


EXPERIMENTAL METHOD 


Furnace.—The vacuum furnace previously described* was used, 
the material being vaporized in graphite tubes of the usual dimen- 
t Mt. Wilson Contr., No. 247; Astrophysical Journal, 56, 318, 1922. 
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sions: 12.5 mm bore, 19 mm outside diameter, and 200 mm between 
the supporting clamps. 

Spectrograph.—From \ 2800 to d 5000, the second order of the 
15-foot concave-grating spectrograph was employed, the scale of the 
plates being 1.86 A per millimeter. Beyond 5000, the first order of 
the grating was used. 

Temperatures.—It was found that for yttrium and lanthanum, a 
temperature of 1g00° C. was required to produce a fair number of 
lines, and at this temperature the spectrum was faint. About 2000° 
was therefore regularly used for the low-temperature stage, while 
2200°—2300° and 2600°-2800° served for the medium and high tem- 
peratures, respectively. Zirconium is more difficult to vaporize, and 
because of the high temperatures required, only two stages were used 
—2400° for the low and 2700” for the high temperature. 

Emission and absorption spectra.—As in the case of spectra previ- 
ously studied, it was found that low-temperature lines in the ultra- 
violet appear in absorption at shorter wave-lengths than in emission, 
on account of the rapid weakening of the furnace emission in this 
region. To obtain an absorption spectrum, white light from a tung- 
sten lamp provided with a quartz window was passed through the 
furnace tube while this was heated at the low-temperature stage. 
The lines which the low-temperature vapor absorbs were thus found, 
and were used up to the wave-length at which emission spectrograms 
for the same temperature begin to show lines. By means of the over- 
lapping region, the intensities of the absorption lines were har- 
monized as well as possible with the emission lines; the emission 
lines alone were used as the estimation was carried toward longer 
waves. 

Chemicals.—Salts of yttrium and lanthanum often contain im- 
purities, especially rare earths, which give many foreign lines, with 
resulting disturbance by blends. An extensive set of early yttrium 
spectrograms was rejected on this account. We were assisted in ob- 
taining better yttrium by Dr. W. F. Meggers, who furnished some 
very pure oxalate prepared by Mr. J. F. T. Berliner, of the Bureau 
of Chemistry, Department of Agriculture. We are indebted also to 
Professor B.S. Hopkins, who gave us lanthanum oxide, purified with 
great care in the chemical laboratory of the University of Illinois. 
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TABLE I—Continued 
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TABLE I—Continued 
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NOTES—YTTRIUM 


3018.93 Blend Fe in arc. 

3056.33 Blend V. Probable intensity of V-line subtracted. 
3172.85 May be impurity. 

3461.02 Blend Dy in furnace. 

3471.77 Furnace line may be Er. 

4484.45 May be impurity. 

4504.00 Furnace line may be partly impurity. 
5135.22 Blend with impurity line. 

5521.65 Blend enhanced line. 

5544.60 Blend enhanced line. 

6958.01 Probably impurity, not La. 


The limited quantity of these preparations permitted their use, as a 
rule, only in the arc. For the furnace, which required frequent re- 
charging of the tube during long runs, fairly pure yttrium nitrate and 
lanthanum chloride were obtained from Eimer and Amend; and, by 
using only lines which were given by the purer arc material, it is 
hoped that foreign lines have been largely eliminated. For the zirco- 
nium spectrograms, the metal in pulverized or flake form proved 
satisfactory. 
EXPLANATION OF THE TABLES 


Tables I, II, and IV present the intensities in arc and furnace 
and the resulting classification for lines of yttrium, zirconium, and 
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TEMPERATURE CLASSIFICATION OF ZIRCONIUM LINES 


FURNACE FURNACE 
“4 INTENSITIES INTENSITIES 
» RC r BOt 
(LA.) Int. |_ cases (LA.) Int. | _ aes 
High | Low High | Low 


Temp.| Temp. Temp.| Temp. 
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TABLE Il—Continued 


FURNACE FURNACE 
INTENSITIES % INTENSITIES 
A ARC r RC 
(LA.) Int aS (LA.) Int. |_. Cass 
High | Low High | Low 
Temp.| Temp. Temp.| Temp. 
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Too 50 Io Il 4027. 40 7s 5 IL 
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30 ? ? ? 4078. 12 7 2 ey 
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4 CMTS Ieee IV? 4256. I fea ere IV 
Pan (eee Beers tre Vv 4256. 4 3 tr Ill 
8 a cere IV? 4261. 4 ial eee Til 
12 Pw leeacen IV? 4261. CM Seat) crise 5 Vv 
4 [a (ae IV? 4268. 20 10 6 Il 
4n Tal eee IV? 4274. S 4 x Til 
15 Coal eeaber ge IV? 4276. 5 A Nees Til 
12 Fook | Reece s IV? 4282. 20 Io 7 II 
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TABLE II[—Continued 
FURNACE FURNACE 
INTENSITIES fe INTENSITIES 
» Coy | Ae Be eB » RC 
(LA.) Int. Ciass (LA.) Int. Crass 
High | Low High | Low 
Temp.| Temp. Temp.| Temp. 
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' 4 i tet een IV 20 15 I 
, 2 Stal Meee IV Wel Booone IV? 
ABAACQO aiais syarers;0 30 15 8 RE sh AYES sO cae cere en AG on lowe ws oil rerornrere Vv 
AZAD cOL es sissies 2 Tl Wateiecayere IV 
ABS GSe ware cicie racers 4 2 Se II 
ASOOLOL esc cuc.ce 15 8 5 Il 
AS OG 2A sad vate ct erat a¢ 2 I Il 
BAT AUO MT aia sc wares oN ivrares | anceieiee Vv 
c 2 2 I Il 
8 oe eee IV 
6 ? ? ? 
i 2 I IL 
4 2 I Il 
12 2 I Il 
2 2 I II 
12 2 tr lil 
3 Bee leer Ill 
Io 2 tr Til 
8 3 : II 
7 See [ante V 
2 Ty ie eee IV 
5 ee Netheetotee IV 
2 Dob Weterayarers IV 
3 (tae | eee IV 
2 2 I II 
Io 3 I Il 
a 2 I IL 
5 ED uliceeeracs IV 
15 2 tr Iil 
BP Noe 5 berks ces V 
Ce tte d aa (iets V 
2 ES hes IV 8 
2 Se sees IV? : 
30 Bae) 6 II : 
30 Io 6 Te: : 
4 2 I IL 5 
20 8 4 Il ; 
12 4 2 Il i 
BG 2 Dewees Lanne ae V ‘ 
Ree araee S insareioe V : 
Bele wes | acini V ‘ 
et hare oa valinsjaerele V x 
40 15 I2 I f 6 6 
FF Niassa a Paenterets V BOTT CAG os cisiyicini es 8 8 I il 
Ro eee de slanvaaes Vv BABOSOM ad aeons a een ences Vv 
2 rere ean IV? BOOAe Be A scsteiess <3 PM nee naa? Vv 
6 2 I II E260 S7ONsceeene © 5 5 I Tit 
15 ae Ror IV Rae SOs a gcidatenoce 6 6 I Iil 
8 4 I Ill ReOReGA ge One tests’ 6 &  boneees Til 
2 Lil esa ee IV? ETS S Je cist oreeke 40 15 4 II 
I Sg gil Heese IV? EACCLTEM ON ahaa 5 2 2 Nama Til 
12 Pic ronan ABA g GAOL SOLD es esesaee 7 Ber 2? Il? 
50 20 20 i SADW CVA T cauicman oe 2 en on IV? 
BOTS. So cbvowehe V SAAS Bhs coe a re) Sep Til 
ba enc eee) eae V 5478 .31T 2 dl Bescnn Ill? 
he crete Setar iale Vv RABOUOK fiona veneer e 2 Hay neers 3 IV? 


ie) ARTHUR S. KING AND EDNA CARTER 


TABLE IIl—Continued 
—————————— lo“ S——— 


FURNACE FURNACE 
INTENSITIES INTENSITIES 


CLASS (LA.) 


<<<cic 


wv 
wee 

eG 
ten 
Beas 
BAR 
sg Ae ten) 


on 
HH 
~ 


Lawl 


hv 


_ 


w 
4 


Added 


w 
ae 


<< 


Ls hae | Le ial 
~v 
| 


“dididisissidicicsdicicsisicicidisicididicicic 


wv 
wy 


aa<d<d< 


Ll 
w 
we ee 
_ 
<<5 


H 
ba? then * § 
mn 

HH 


<4 
mR<<hods 


~vuv 


_ 
pe ene pet fe fo 


olan! 
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TABLE Il—Continued 


NOTES—ZIRCONIUM 


2827.55 Double. Blend with enhanced line. 
3063.59 Enhanced line on red side. 


en es) In wing of A/ line in arc. 

3250.39 Blend enhanced line. 

3414.66 Blend enhanced line. 

3471.19 Blend enhanced line. 

3879.05 Unusual type. Possibly impurity. 

3084.75 Blend enhanced line. 

4030.75 Blend Mn. 

4035.89 Enhanced line on violet side. 

4068.73 Blend with enhanced line \ 4068.63. 

4241.20 Strong line shows here at low temperature, probably due to blend with low-temperature 

line of unknown origin. 

4395.20 Blend V in furnace. 

4494.93 May be impurity. 

4083.42 Faint if present in furnace. 

4751.91 May be band head in furnace. 
lanthanum, respectively. Very faint lines which appear only in the 
arc are usually not included, unless they have about the same inten- 
sity as neighboring lines which appear also in the furnace, so that a 
comparison may be useful on this account. Enhanced lines are listed 
when they are of fair intensity in the arc, since many of the enhanced 
lines of yttrium and lanthanum appear in the furnace, and those 
which are absent are of interest as requiring a higher excitation than 
that of the furnace. The case is different with zirconium, where a 
large proportion of the arc spectrum consists of enhanced lines, very 
few of which appear in the furnace. To avoid unnecessary length in 
the furnace tables, these zirconium enhanced lines, with their arc 
intensities, are listed in Table III. Those which by reason of their 
presence in the furnace spectrum are classified in Table II are indi- 
cated by “f”’ after the wave-length. Lines not so indicated may be 
considered as belonging in class VE. 

Wave-lengths—The international system is used throughout. 
Wave-lengths shorter than \ 5500 for yttrium are taken largely from 
Exner and Haschek,’ changed to I.A. Use was also made of the 
tables of Yntema and Hopkins,? and of Eder.’ Zirconium wave- 
lengths for the same region are chiefly reduced from Vahle,* and 


those of lanthanum from Wolff.s Wave-lengths greater than \ 5500 


 Spektren der Elemente bei normalem Druck, Leipzig, 1911. 

2 Journal of the Optical Society of America, 6, 121, 1922. 

3 Sitzungsberichte der Akademie der Wissenschaften in Wien, Ila, 125, 471, 1916. 
4 Zeitschrift fiir wissenschaftliche Photographie, 18, 84, 1918. 

5 [bid., 3, 395, 1905. 
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TABLE IJ—Continued 
Arc. Are. Arc. Arc. 
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are those of Kiess,’ who kindly furnished an advance list of zirconium 
wave-lengths to supplement those published for yttrium and lantha- 
num. 

Intensities and classes—The intensity estimates are in accord- 
ance with the procedure followed in previous papers, a line distinctly 
outlined in the negative being given intensity “1.” The large range 
of line-intensities found in these spectra requires high values for 
many of the stronger lines, and it is doubtful if high enough values 
have been assigned to some of the strongest. The relative strength 
of the ionized lines with respect to those of the neutral atom is con- 
trolled by arc conditions which vary for different exposures, so that 
a fair degree of consistency among the line-intensities for each set 
is all that can be attained. 

Classes.—In the final column, the usual method of classification 
is followed. Lines in classes I and II appear at low temperature. 
Those of class I show a slower change from low to high temperature 
than those of class I, and as a rule are less conspicuous in the arc. 
Lines of class III are usually well developed at medium temperature, 
while lines clearly associated with high temperatures are placed in 
classes IV and V, those of class V being absent or very faint in the 
furnace spectrum. 

For zirconium the initial temperature required for the appear- 
ance of lines in the furnace is so high that only two stages could be 


1 Scientific Papers of the Bureau of Standards, 17, 317 (No. 421), 1921. 
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TABLE IV 


TEMPERATURE CLASSIFICATION OF LANTHANUM LINES 


FURNACE FURNACE 
INTENSITIES INTENSITIES 
nN Arc nN Arc 
(LA.) | Int. ae Gass |] Ga) | Int ne 
High | aim |-LOw High | ginm | Low 
Temp Temp Temp Temp. Tem Temp. 

2798.54. T Wisectesdeveres beaters VE 3640.51 
2808 .36. 1 to feel RRSP a, erecta Reet VE 3650.18 
2855.89. re fh (ers ee mien (Gee Sere VE 3662.07 
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3612.35 Se Vitacas Vow tata |r crat VE 4099.55 
3613.10 30 30r 10 5 Il 4104.88 
3621.74 4. Lette tral ones | ones VE 4109.40 
3628.83 125 8 bt Gea ase IVE 4109.82 
3636.67 40 25 Io x WEE 4117.69 
3637.15d 50 Ke Mineo boas VE 4123.23 
3641 .53*..| 100 50r 5 8 II 4137 .03 
3645.41 400 15 CAD he Sens IVE 
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TABLE IV—Continued 
FURNACE FURNACE 
INTENSITIES INTENSITIES 
x Arc r 
(LA) | Int oe ee ek — 
High dain Low 
Temp ‘Temp Temp 
80? 4443 .95d. I 
4rax.72d { ne } he as ee oe oa nner ae 
4143.95*..| 12 25 rs 3 {IITA 4452.17.. IL 
4151.95d..] 300 20 yO Bice, one TIE 4453 -85.. IVA 
4152.76f..| 40 ON Bh gen a Se IV (?) El] 4455.23.. IIA 
ATS7M40.~.| 10 20 20 8 ILA 4455.82.. VE 
4160.25...] 30 30 25 20 I 4468.97.. Il 
AEGZ 3006 8 25 20 2 |TITA 4474-55... ILA 
4172I.I0... 8 20 Io rt |IIA 4479 .82d. ITA 
4L72.3h5.-| IO 20 15 2° 1 tw 4486.07.. Ill 
AST? A ee) 3 30 25 20 I 4491 .78d. Tit 
4187.31...] 125 125R]| 100 I00 I 4493 .14.. I 
ALGO Re ISOs locos erlaek euckuece we VE 4493 .82.. IA 
4196.55...| 300 I5 CP ero WIE 4404.70.. lf 
4204.04...] I00 A Ce ene s VE 4499.07d. Ill 
ACTEM Om Naenaw hoes eels a aa an VE 4500.24.. II 
A2GO@OO se MESO. [ite wm xllse See apaw.sss 6 VE 4501 .50.. ITA 
4238.40d..| 400 30 Weare oe IILTE 4522.38... ILE 
4238.61*,.1 10 20 I5 Bo to 4525.31d. VE 
AZEOROTG sell MiOSs, \(tete.ovevauallerecice due [lecbreve ate VE 4520.52.23. ILE 
4256.03... 6 20 Ll [Sesycatcoes TILA 4530.50.. VE 
4262).35...|| 15 30 30 Io ILA 4541.78d. Til 
BeOS RROG || LOO! “N05 sinwafianevies| mors eux Vin: ASA hes I 
4269.50d..| 150 ad ee perete e VE 4550.16.. WIA 
4275.64...] 60 8 2 geal (eee IVE 4550.78d, VIA 
4280.27...| Too IooR| 80 80 I 4552.50.. ITA 
4286.08d..] 150 Pe eons ng VE 4558.47.. IIE 
4296.05...| 200 15 Te aie IVE 4559.20.. VE 
4300.45-..] 30 6 CE | ieee IVE 4564 .84.. lit 
4306.00... 6 20 8 4 ITA 4567 .92.. I 
4311.74d.. 4 I5 6 tr |ITA 4570.03.. I 
4315.o91d..} 12 Le | on ee roy ee VE 4570.090.. VE 
4322-51...| I50 I5 AES ane IIE 4574 .80d. IIE 
4333-77-..| 600 30 20 5 Lo 4580.07... VE 
4334.98... 60 Ca lee el Peer VE 4581 .20d. Til 
4339.95.-. 6 20 30 4 |IDA 4590.17... I 
4340.74.. 15 15 I5 te | LEE 4602.03d.. Til 
4354.40.. 80 oN ree cred Hee ee IVE 4604.23.. Til 
4354.80.. 25 30 20 TLE 4605 .00.. lil 
4357-02.. 2 12 Pedy Pes are IITA 4605.78.. VE 
4360.48.. 2 8 Tea Sen LITA 4613 .40*. VE 
4360.85.. 2 6 Bo ee Sia IIA 4615 .06d Ill 
4363 .07.. Aiea eteraret cars Se tcl cmevies Vv 4619.88 VE 
4364.68 30 Peseta clic pe ak IVE 4636.42 VE 
4378.11d I5 Pm Werte coats [eters ons IVE 4643.12 Ill 
4380.55.. 12 20 30 6 ILA 4645 .31 Vv 
4383.46. Py, lareAesree (eter eel Pacer ara VE 4646.36 Tit 
4385.21... BOe versus tooyy sabes VE 4647 .40d VE 
4389.89.. I5 Io Bin Vessco U1 eames : 
3 4050.35 

4303 .61d. 4 { 3 } Dee ah eke It 4652 13+ I 
4396.31... 2 Tani I cotererena eeeteves IV 4655 .53d VE 
4306.70d. 4 6 Le i ae es IVA 4660.73 Tit 
4307 -04.. 2 ce eae [= eee IVA 4662.54 IILE 
4402.66.. 15 I5 8 * LE 4663 .709d VE 
4403 .03d? 8 Ig 8 % “COLA. 4668 .92 VE 
4411.21. hE Se acess (nae VE 4671 .83* VE 
4413.44. 2 6 3 tr |TIA 4688 .66 VE 
4417.11. 6n 6 3 jae (ABH 4601 .16d VE 
4419.16.. CES ry eae naeeerre VE 4692.50d VE 
4423.01.. 30 20 20 4 Il 4699 .62* VE 
4427 .58d Jey USP cera) Mcmenae VE 4700.27}d Til? 
4429 .80d 500 50 BO!) eaves ILE 4702.63... I 
4435.84... 6 Pe nee eee IVE 4703 .27*.. VE 
4442.67...] 12 a 15 4 Mit 4708 .17}d. III? 
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TABLE IV—Continued 
FURNACE FURNACE 
INTENSITIES INTENSITIES 
CLASS 
x Arc r Arc 
(LA.) | Inr =e GA) finn] | ate i 
High denn Low High ae Low 
Temp-| Temp. Temp Temp.| Temp Temp. 
6067 .15f.. I coal el Pee etree. VP? 6374.14 Foes orale we eel eres V 
6068.70d..| 30 50 20 4 |It 6375.11 ae eee kreseon Moree Vv 
6072.06.. 4 Io 3 eA 6380.56 Tn Na Bhat ewe te eres V 
6074.01.. I 4 To NFsgate WIA 6390.45 80 20 A, Pees Ill 
6075 .24.. I 4 IM) Purim TILA 6304.24. 600 400 500 (ele) | 
6084 .93.. 8 6 Ey eee or Iii 6299 .06f Io -? ee a ener V(QP)E 
6085 .46.. PM decockotrakceclveeeee Vv 6410.08. 300 200 250 I 
6087.95... In Tn este eens IV 6417 .22T 3 Io? 2? tr | TE GA 
6092 .27.. I 3 £9 etre TIA 6443.09. Te | Secccver| maneree | arenes V 
6100.36.. TOU bl sarusere| Mecca el ear ee Vv 6446.62... See | OS gee oi | eee | tame mers VE 
6107 .27.. 12 60 40 Io ILA CHORE { sor?| roo?}| 75?}| 30?] ILA 
6108 .50.. pases ILA 
6111.73.. : ILA 
6120.34.. d I 
6121 .27.. I 
6123.81.. ILA 
6126.08f.. ILA 
6127.05.. Vv 
6120.55T. IV (?)E 
6134.40d IV 
6136.53.. IV 
6143 .90d. . IV 
6145 .34.. “4 r?|IIA? 
6146.55.. . IE 
6165 .04.. . tl? 
6165.72.. : I 
6172.73T. : IIl? 
6173.74*. Mi 
6174.10. ; Vv 
6188 .11f 55- Til A 
6203.54. : IA 
6218.22.. i Til 
6219.52.. P Uy 
6233.52.. 5 IV 
6234 .84d. - I 
6236.23.. ’ IVA 
6236.78d. ; ILA 
6238.59.. : IV 
6249.92 : oH 
* ; 

6262.30 ; IVA 
6266 .03d.. Sr. Viz 
6273 .78*.. Vv 
6287.75d.. E VE 
6288.58... E IA 
6203.57... S10.) IV 
6296.10... "BOR IA 
6305.46... ; ; IA 
6307.27...| tr te Be Mereeiar IV 6671 .40fd. 6 TP NSS eee ee IV (?)E 
6308.27... 3 4 ER coon Til 6692.88...] 30 60 60 40 IA 
6308.99... 2 Sin Naka cael Coens « Ill 6600.24T.. 2 ag a al epee ee III ? 
6310.22...| 12 TO low couliaemee IV 6609.84... 4 8 2 (TA 
6310.04... F dt AANA SAG ere ete VE 6709.50...| 200 150 200 200 I 
6315.82... EM aisisieenl + «nee |e Vv 6714.09... Ped Peers srt on trod VE 
6318.29...] 12 40 10 2 |DIA 67160.orf.. I BF |S. ee tomas IVA? 
6320.39...| 80 20 Bulent Il G7TB3665. i) Behl elise al eee leet VE 
6325.92...| I50 100 250 200 I 6732.9000. sa Ek aye al (ee ret ar VE 
6330.48... 2 Io 3 tr |UIA 6748.13...| Io 20 g a ILA 
6333 .22T.. 2 I? TPA ccaslatete Til? 6753.04...| 50 I00 150 I50 IA 
6333 -83f.. 2 a PR eae ne Vir 6774.27d?.| 30 12 2 xr |IIE 
6337-02... Fe WSR ae Bere men V 6776.70... z 6 Fae ae TA 
6330.25T. 2 Io? 3 TA 6778.24 AE. iceercretalleclewtete lee Vv 
6356.44... 4 8 Be Vickers terete IIA 6753500001) 8 fe Perpeta| (eyce A IVA 
6358.13.. 5 POO Prod Pretec IV 670095 os,. 4 40 15 12 IIA 
6360.24. . 30 30 Io 4 II 6808 .85d. . 6 Fad pe eer IV 
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TABLE IV—Continued 


FURNACE FURNACE 
INTENSITIES INTENSITIES 


NOTES—LANTHANUM 


3010.80 Low-temperature spectrum fades out, and class may be too high. 
3171.66 Strongest spark line in this region. 

3193.00 Doublet. Not fully resolved. 

3453.16 Probably triple. 

3517.11 Very strong spark line. Cf. \ 3171.66. 

3574.41 Reversed at high temperature. Obscured by cyanogen band. 
3641.53 Enhanced line on red side. 

3895.65 Blend Fe. 

3910.80 Furnace line may be impurity. 

4143.95 May be impurity. 

4238.61 Measured by writers. 

4613.40 Faint if present in furnace. 

4668.92 Probably triple. 

4671.83 Triple, violet member just resolved. 

4699.62 Probably triple. 

4703.27 Probably triple. 

4794-57 Widens to violet in spark. 

4817.15 Probably triple. 

4946.42 Blend impurity line. 


4952 -°3 Much enhanced 

4909.46 Triple. 

5002.10 Much enhanced. . : 
5078.94 Furnace line may be impurity. 
5080.20 


2200: a Much enhanced. 


-90 
5173-85 Blend Ti in furnace. 
5183.41 Triple. 

5188.20 


a7 Ot o Much enhanced. 


5302.63 ek : : 
5340.69 Much enhanced. Probably coincides with arc line. 
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TABLE IV—Continued 


5377 -09 
5381 Se} atuch enhanced. 


5500.94 e : 

5808.29 Blend with line to violet. 

6173-74 Measured by writers. 

6262.30 Not fully resolved. 

6273.78 Furnace line may be impurity. 

6448.15 Not fully resolved. 

6830.82 Measured by writers. 

6952.50 May be triple. 

7282.32 Triple. Red component strongest. 

7483.45 Triple. . 

7664.33 Blend potassium line in arc. 
obtained whose difference was large enough to be significant. In 
order to retain a consistent classification, the lack of a medium tem- 
perature was allowed for as far as possible. This resulted in placing 
in class III those lines which are strong at high temperature but 
much weaker at low temperature, while lines which retain consider- 
able strength at low temperature are assigned to class IJ or class I. 

Symbols.—The significance of the symbols and abbreviations 
found in the tables is as follows: * refers to a note at the end of the 
table; { indicates disturbance by a band spectrum, usually that of 
carbon, which causes some of the intensities to be questioned; ‘‘d,” 
after the wave-length, indicates an unresolved doublet; “‘tr,” a line 
showing as trace, less than intensity 1; “r,” “R,”’ partial or complete 
self-reversal; “‘n,” ““N,” degrees of diffuseness in arc lines; ‘‘A,” after 
the class number, a line relatively stronger in the furnace than in 


the arc; “E,” after the class number, an enhanced line. 


DISCUSSION 


A summary of the types of the 2005 lines classified in this paper 
is given in Table V. Multiplets corresponding to low energy-levels 
will normally be found in the low-temperature groups, but may 
include a few lines which are placed in higher temperature classes 
on account of faintness, which prevents their appearing on low-tem- 
perature spectrograms of ordinary exposure, or which are uncertain 
on account of blends. The lines which appear with considerable 
strength at low temperature include from 15 to 30 per cent of the 
neutral-atom lines listed for these elements. 

A large proportion of the lines which appear in the arc spectra of 
these three elements are enhanced lines, those having sufficient 
strength to be listed in the tables numbering 85, 342, and 230 for 
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yttrium, zirconium, and lanthanum, respectively. Of these, more 
than half appear in the furnace for yttrium and lanthanum, but 
only a small proportion (all of wave-length shorter than \3450) in 
the case of zirconium. The lists are by no means complete for the 
enhanced lines, as many additional ones are given by a strong spark. 
We have, however, segregated the enhanced lines by this means into 
two groups requiring different stages of excitation, which correspond 
in some degree with the low- and high-temperature lines of the 
neutral atom. Enhanced lines which appear in the furnace, especial- 
ly those distinct at medium temperature, may be expected to arise 
from low energy-levels of the ionized atom, while those requiring 
the arc excitation should belong to higher levels. A third group of 


TABLE V 


DISTRIBUTION OF ARC AND ENHANCED LINES ACCORDING TO Low AND 
HicH ExcitraTION 


"4 Zr La 

Low-temperature lines (classes and II)........... 69 142 145 
High-temperature arc lines (in some cases uncertain 

HOU SRT ANIC CSS) een ume emis ove aces mn tarte, crane ois cock 305 375 320 

Enhanced lines appearing in furnace............... 47 22 128 

Enhanced lines in arc but not in furnace........... 38 320 102 


still more refractory enhanced lines, possibly in some cases belonging 
to the second ionization, would contain those lines which are absent 
from the arc but appear in a highly condensed spark. For both 
yttrium and lanthanum, many strong enhanced lines in the short 
wave-length region persist in the furnace at 2100°C. 

The very frequent occurrence of doublets, among both arc and 
enhanced lines, is a notable feature of the lanthanum spectrum. 
Those thus designated in Table IV number 127, or 18 per cent of the 
lanthanum lines listed, and the actual number is probably greater, 
as the first-order dispersion used beyond \ 5000 was not always suffi- 
cient to show the doublet character. The wave-length tables avail- 
able give these lines as single. The separation of the components is 
probably always less than 0.08 A, as in only a few cases were they 
resolved enough in the vacuum furnace to give a rough estimate of 
the separate intensities. Some of these imperfectly resolved lines are 
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clearly triple and are so noted in the remarks at the end of Table IV; 
it is probable that other triplets occur among the lines marked as 
double. 

Lines relatively stronger in the furnace than in the arc, indicated 
by ‘‘A”’ after the class number, are in about the usual proportion in 
the yttrium list, while the high temperatures required for zirconium 
make the spectrum difficult for the furnace and only one line is thus 
designated. For lanthanum the proportion is unusually large, 127 
such lines being found. While the number of these lines is regulated 
by the average strength of lines in the arc spectrograms selected for 
comparison with those of the furnace, it is significant in the case of 
lanthanum, because a large proportion of the lines strong in the 
arc are enhanced lines, while the furnace is highly effective in giving 
the lines of the neutral atom. 


Mount WILSON OBSERVATORY AND VASSAR COLLEGE 
September 1926 
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